Relaxor Ferroelectrics: The origin of chemically- and electrically-induced transition from ferroelectric to relaxor state in complex perovskite ceramics by Hong, Chang-Hyo
 
 
저 시-비 리- 경 지 2.0 한민  
는 아래  조건  르는 경 에 한하여 게 
l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  
다 과 같  조건  라야 합니다: 
l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  
l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  
저 에 른  리는  내 에 하여 향  지 않습니다. 




저 시. 하는 원저 를 시하여야 합니다. 
비 리. 하는  저 물  리 목적  할 수 없습니다. 
경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 
 




The origin of chemically- and electrically-induced  
transition from ferroelectric to relaxor state  



















Graduate School of UNIST 
 





The origin of chemically- and electrically-induced  
transition from ferroelectric to relaxor state  























Graduate School of UNIST 




The origin of chemically- and electrically-induced  
transition from ferroelectric to relaxor state  










submitted to the Graduate School of UNIST 
in partial fulfillment of the 
requirements for the degree of 



















The origin of chemically- and electrically-induced  
transition from ferroelectric to relaxor state  







This certifies that the dissertation of Chang-Hyo Hong is approved. 
 
06. 12. 2018 
                     
                       
                      ___________________________  
                            Advisor: Prof. Wook Jo 
                     
                     ___________________________ 
                            Prof. Ho-Yong Lee 
                    
                     ___________________________ 
                             Prof. Chae Il Cheon 
                    
                    ___________________________ 
                                Prof. Jae Sung Son 
               
                    ___________________________ 
                                             Prof. Jeong Min Baik 




Since the first discovery of relaxor ferroelectrics (relaxors), a lot of dedication have been fulfilled to 
extend the knowledge and understanding for relaxor features. Even though the true origins of their high 
performances are not fully understood, relaxors have been widely used due to their versatile 
ferroelectric/piezoelectric properties and temperature stability. To figure out the true origin of relaxor 
features still remains extremely hard since various results indicate that the causes of relaxation processes 
are appearing in atomic level scale with an application of electric field.  
Various consensual models, describing correlations between relaxor features and causes, have been 
made thanks to a lot of dedications. The existence of polar nanoregions (PNRs) is considered as a key 
role to carry out relaxor features. It leads to frequency dispersive dielectric maxima, which is the most 
important features introducing relaxor ferroelectrics. Therefore, a proper understanding of PNRs is a 
key to unveiling all the existing questions in relaxor ferroelectrics.  
Presently, lead-free relaxors become essential since we are under the pressure to find replacements for 
lead-containing relaxors in response to environmental regulations. However, extensive researches 
indicate that commonly accepted concepts from lead-based relaxors are not always applicable to lead-
free relaxors; for example, the double dielectric permittivity maxima and a deviation of temperature 
between depolarization (Td) and a transition from a ferroelectric-to-relaxor transition (TF-R).  
This work contains dedications to explain major relaxor enigmas as followings, 
1) The relaxation processes mainly affect to the frequency dispersive dielectric response were 
investigated using canonical relaxor Pb0.92La0.08(Zr0.65Ti0.35)0.98O3 (PLZT) and Pb(Sc1/2Ta1/2)O3 
(PST). It was able to deconvolute the plots, revealing three distinct processes, namely, slow, 
intermediate, and fast relaxtor, in terms of their characteristic relaxation time.  
2) Lead-free (1-x)Bi1/2Na1/2TiO3-xBaTiO3 (BNT-xBT) system with artificially made deficiencies 
were investigated to define the correlation between the degree of random-field and relaxor features. 
The random-field is considered as the origin of creation of PNRs caused from random charges 
and/or random cation vacancies, which is well an accepted model for both lead-based and lead-
free relaxors. 
3) The conceptually suggested two-step process for a transition from a ferroelectric-to-relaxor state 
is observed in PLZT by electric-field induced in-situ monitoring methods such as an electrocaloric 
effect measurement, neutron diffraction and transmission electron microscopy. 
4) The correlation between temperature-dependent and electric-field-induced transition from a 
ferroelectric-to-relaxor state, related to a deviation between the Td and the TF-R, is defined using 
ferroelectric PIC151, lead-based relaxor PLZT and lead-free BNT-BT. 
The major contribution of this dissertation is to expand our insight into what truly happens in relaxors. 
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D Dielectric displacement 
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1. Introduction 
The relaxor ferroelectrics (relaxors for short) was firstly introduced in 1950s1) with Pb(Mg1/3Nb2/3)O3 
(PMN) showing abnormal dielectric permittivity response such as broad and higher frequency-
dispersive maxima in contrast with normal ferroelectrics. Over half a century, a lot of dedications have 
been fulfilled to explain the origin of relaxor behaviors2-7), using Pb(Mg1/3Nb2/3)O3 (PMN), 
Pb(Sc1/2Ta1/2)O3 (PST), PMN-PbTiO3 (PMN-PT), (Pb1-xLax)(Zr1-yTiy)1-4/xO3 (PLZT), and uniaxial 
relaxor Sr1-xBaxNb2O6 (SBN), represented by various models such as the diffuse phase transition 
model,16,26,27 super paraelectric model,1,28 dipolar glass model,11,15 random-field and random-bod 
model,3,20 and etc. Now, we have extensive knowledge of describing relaxation mechanism; however, 
the consensus between computational methods and empirical verifications still remain insufficient. 
Before figuring out the true origin of relaxation mechanisms, we have faced environmental concerns 
to find replacements for versatile lead-containing relaxors in response to regulations restricting usage 
of harmful materials8-10). Over a decade, extensive researches also have been fulfilled to developing 
lead-free piezoceramics through the new compositional discovery and/or developing fabrication 
methods. Accumulated results of lead-free piezoceramics (such as (Bi1/2Na1/2)TiO3 (BNT), BaTiO3 (BT), 
Alkali niobite (ANbO3) system and their solid solutions) point out that complex perovskite-type lead-
free piezoceramics are classified as relaxors; however, they show brand new results which cannot 
describable in the existing models from the lead-based relaxors; for example, the double dielectric 
permittivity maxima11), a deviation between the depolarization temperature Td and a ferroelectric-to-
relaxor phase transition temperature TF-R12) and different shape of dielectric abnormal peak at TF-R13). 
Thus, lead-free relaxors are now considered as new category. 
Fortunately, now three clear consensuses for both lead-based and lead-free relaxors in common. First 
one is the existence of polar nanoregions (PNRs) that start to appear at the Burns temperature TB and 
grow in size with further cooling. Second one is the presence of the transition temperature between a 
ferroelectric and relaxor state (TF-R). Both relaxors show dipolar glassy behavior at the TF-R, i.e., electric-
field-induced long-range order only made under TF-R and this can be estimated by the Vogel-Fulture 
relation. Lastly, the degree of chemical inhomogeneity originating from defects, dopants and vacancies 
is strongly correlated to relaxor behaviors.  
The objective of this work is to discuss about true origin of relaxor behaviors using empirical 
conformations with existing models and to expand commonly acceptable knowledge of relaxor features 
both lead-based and lead-free relaxors. For the purpose, well-known relaxor systems were investigated 
both lead-based and lead-free relaxors such as PLZT, PST and BNT-BT system. They were investigated 
with respect to their structural deformation and electrical response with chemical modification, electric 
field and temperature as the main variables. This work not only enumerates the results of relations from 
variables, but also expand our insight into what truly happens inside relaxors.  
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2. Theory and Literature Reviews 
2.1 Brief History of Ferroelectric Ceramics 
In 1912, ferroelectricity was firstly recognized by Joseph Valasek from Rochelle salt (Potassium 
sodium tartrate tetrahydrate). He reported terminologies of ferroelectrics, which are the dielectric 
displacement D, and polarization P, and electric intensity E, analogous to magnetism in the Meeting of 
American Physical Society on April 23, 19201, 2). Since the first classification of ferroelectricity, a sort 
of studies to figure out the origin of ferroelectricity have been conducted using potassium dihydrogen 
phosphate (KH2PO4, KDP) via thermodynamic and atomistic modeling in 1930s3). At the time, the 
origin of ferroelectricity was considered as hydrogen bonding in Rochelle salt and KDP since the 
hydrogen boding has the intrinsic polarity4). 
 
Fig. 1 a) Rochelle salt5) and b) potassium dihydrogen phosphate (KDP)6). 
In 1940s, the colossal event in the history of ferroelectrics was happening, which is the discovery of 
barium titanite (BaTiO3, BT) firstly reported by Thernaurer and Deaderick at the American Lava Co.7) 
and consecutively announced in Japan and Russia3). Barium titanate is mostly utilized in transducer 
application8) such as sonar due to the war situation. The discovery of BT was an initiator of searching 
for new ABO3-type ferroelectrics mainly fulfilled by Matthias9-11) and Smolenskii12-14). Comprehensive 
studies also have been fulfilled to understand the origin of ferroelectricity using BT such as crystal 
structure15), phenomenology16), and domain mechanism17). Presently, BT is considered as a standard 
ferroelectric material for comparative analysis to understand other perovskite and relaxor ferroelectrics. 
 
Fig. 2 (a) ABO3 perovskite structure, (b) phase transition of BaTiO3 
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In 1950s, the era of Pb-based perovskite materials begins18). Shirane and Taketa reported PbTiO3 (PT) 
PbZrO3 (PZ) and their solid solution Pb(Zr1/2Ti1/2)O3 (PZT)19-21) in 1952. After that, Jaffe et al., 
discovered strong and stable piezoelectric properties in the morphotropic phase boundary in the PZT 
solid solution22) in 1954. In addition, BaTiO3-SrTiO3 solid solution is introduced with broad dielectric 
permittivity signal23) in 1954 and Pb(Mg1/3Nb2/3)O3 (PMN) is introduced with as dispersive and broad 
dielectric permittivity signal, named as the diffuse phase transition 196124), which are considered as the 
first report of relaxor signature. Translucent lanthanum doped PZT (PLZT) fabricated with hot-press 
sintering method was introduced in late 1960s25). Since the discovery of PZT, ferroelectric researches 
mainly have focused to enhance piezoelectric properties with chemical modifications for a while; 
moreover, additive doped-PZTs and PMNs in morphotropic phase boundary became dominant 
ferroelectric and piezoelectric ceramics for the applications18).  
 
Fig. 3 Comparison of temperature dependent dielectric permittivity between typical a) 
ferroelectrics and b) relaxor ferroelectrics in a compelx perovskite structure. 
 In 1980s, it was actively discussed the origin of large electromechanical responses of Pb-based 
piezoelectric ceramics, categorized as relaxor ferroelectrics (relaxors)26). As mentioned above, PMNs 
and PZTs were spotlighted due to their superior ferroelectric and piezoelectric properties, but the origin 
of their high performances was not clearly understood. Relaxors were introduced as a material which 
has dispersive and dielectric permittivity signal with slow decay of the polarization hysteresis as 
increasing temperature27). To understand the relaxor behaviors, a variety of complex perovskite system 
with B-site modification (Pb(B1B2)O3) were investigated 28, 29). A series of models for explaining relaxor 
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signatures such as the diffuse phase transition model24, 30), the super-paraelectric model27), the dipolar 
glass model31), the random-field model32), the space-charge model33), the random-site (or random-layer) 
model34), the bi-relaxation model35), and the spherical-random-bond36) and random-field model37) were 
proposed. 
 
Fig. 4 Hubble space telescope38, 39) and its relaxor application (PMN multilayers tilt and 
stabilize mirrors which are major parts for image capturing26)).  
In 1990s, as environmental concerns were globally grown up, needs of ecofriendly materials is getting 
increased. Actually, lead-free perovskites already had been discovered by Mattias for KNbO3 (KN) in 
195110), L. Egerton for (K1/2Na1/2)NbO3 (KNN) in 195940) and Smolenskii for (Bi1/2K1/2)TiO3 (BKT) in 
196041) and (Bi1/2Na1/2)TiO3 (BNT) in 196142); however, those compositions were not proceeded to 
further development at that moment due to low cost-effectiveness, complicate fabrication conditions 
and poor ferroelectric/piezoelectric properties.  
 
Fig. 5 Compliances with restriction of harmful material usage 
 In 2000s, the regulations of restriction of harmful materials legislated such as Waste Electrical and 
Electronic Equipment (WEEE), Registration, Evaluation, Authorization and Restriction of Chemicals 
(REACH), and Restriction of Hazardous Substances Directive (RoHs). Among the regulations, RoHs 
claims to restriction of usage of harmful materials such as Pb, Cd, Ag, and Cr6+ containing compounds 
for the electric/electrical devices and components. Therefore, piezoelectric industries considerably 
affected since most commercially used ferroelectric and piezoelectric materials contain harmful Pb over 
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60 wt%. For the replacements, Bi-based perovskite, alkali niobite, BT and their solid solutions were 
mainly investigated. 
 
Fig. 6 Applications of piezoceramics: a) and b) small size cooler, c) speaker, d) linear actuator, 
e) ultrasonic motor, f) resonator, and g) knocking sensor43).  
The lead-free piezoelectrics researches were mainly fulfilled to study structures and electrical 
characterization of new compositions based on the morphotropic phase boundary. The morphotropic 
phase boundary in BNT-BT discovered by Takenaka et al. in 199144). For BNT-BKT solid solution, O. 
Elkechai et al firstly investigated in 199645); then Hiruma et al. found morphotropic phase boundary in 
200844). Since the Saito et al.’s optimistic report of the lead-free piezoceramics comparable to soft 
PZT46), the lead-free piezoelectric researches are drastically increasing47). Another optimistic report was 
announced by Zhang et al. with large electric-field-induced strain in BNT-BT-KNN ternary solid 
solution, which far beyond the Pb-based perovskite in 200748). Anyhow, the restriction of usage of lead-
based piezoceramics were suspended, since the lead-free piezoceramics were not fully ready to replace 
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lead-based ones. Eventually, EU decided that there will be no more tolerance for lead-containing 
piezoceramics for electrical and electronic components as of 202149).  
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2.2 Fundamentals of ferroelectrics 
This chapter introduces fundamental background of ferroelectric behaviors containing dielectric, 
piezoelectric properties. The following introduction is based on the text books of Waser1) and Moulson2), 
lecture materials of Helmut3) and a book chapter of Uchino4). 
 
2.2.1 Dielectrics and polarization mechanism 
Macroscopic parameters 
Dielectric materials are classified as the materials which do not transfer charges, but charges stay 
electrically polarized state in limited area with an application of external electric field. The polarized 
states can be described as the state that the polarizable matters are slightly shifted from the average 
equilibrium positions, proceed to forming dipoles. Total polarization of dielectric materials is 
considered as the sum of polarizable matters such as electrons, ions, permanent dipoles and space charge. 
 
Fig. 7 Schematics of polarized materials in a unit volume.  
An induced electrical dipole p, defined as 
p Q xd=                                        (1) 
where Q is charge, δx is distance between two equal and opposite point charges. The dipole movement 
p is a vector which has direction form the negative to positive charge. The term polarization is the 
totality of dipoles and surface charge densities of +σP and –σP in a polarized material. The magnitude 
of the dipole moment per unit volume is named as polarization P and can vary with different regions.  
     or     p p p
pp A x V P
V
dd s d s d s
d
= = = =                    (2) 
Schematics of (a) vacuum permittivity and (b) a capacitor are shown in Fig. 8. From Gauss’s theorem 
the electric field, a parallel-plate capacitor filled with vacuum in Fig 7 (a), the electric field E can be 




=                                     (3) 
Otherwise, in the case of that dielectric material is placed between a parallel-plate, the surface charge 
density σP compensates total charge density σT carried by the plates. Therefore, the effective total charge 
density induced by electric field E reduced to σT - σP, 
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0
T PE s s
e
-
=                                 (4) 
Total charge density σT is equivalent to the electric displacement vector D as 
0D E Pe= +                               (5) 
 
 
Fig. 8 Schematics of (a) vacuum permittivity and (b) a capacitor 
 
The polarization P is proportional to the electric field E with a material constant called as the electric 
susceptibility χ. 
0P Ece=                                 (6) 
Eq (5) and (6) can be combined as 
0 0D E Ee ce= +                             (7) 
  0(1 )D Ec e= +                              (8) 




s c e= = = +                           (9) 




c e= = +                             (10) 
In the case of vacuum permittivity, the susceptibility χ0 is zero. Therefore, the capacitance C0 of 
vacuum can be described as 
0 0 0 0 0(1 )   
A AC C
h h
c e e= + ® =                       (11) 
When the vacuum is replaced with a dielectric material which has certain susceptibility χ, the 
capacitance is proportional to (1 + χ) 
The permittivity ε of a dielectric material is defined by 
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0 0(1 )e c e= +                               (12) 
Generally, we use the relative dielectric permittivity εr (also called the dielectric constant) for a 





= + =                                 (13) 
1rc e= +                                  (14) 
Note that above introduced macroscopic polarization mechanism is only valid for small signal. 
 
Microscopic parameters 
The average electric field in the dielectrics is the sum of the charges on both the plate of the capacitor 
Eplate and the surface on the dielectric material Ediel, Eplate and Edielectric have opposite direction. 
 
 













                                (16) 
average plate dielectricE E E= -                            (17) 
The local field Eloc is calculated from an individual dipole. The spherical cavity indicates an individual 
polarization induced by the local field. The total field at the spherical cavity as 
loc plate dielectric surface insideE E E E E= + + +                     (18) 
loc average surface insideE E E E= + +                        (19) 
Where Esurface and Einside indicate the charges of surface and inside of the spherical cavity respectively. 
In spherical gaussian surface which has a point charge q and radius r, the electric field at the surface is 
normal to everywhere and equal to electric field E. 
- 13 - 
 
 





                                 (20) 
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2 4 4E e e
qE dA k r k q
r
p pF = × = =òÑ
                     (21) 
















F =                                (23) 









= × ×ò                       (24) 
However, the spherical cavity is more elliptical shape; therefore, the direction z between the plates 









= × Q×ò                    (25) 
The surface charge density of the sphere is identical to the surface charge density of the dielectric at 
the planes of the capacitor. So, 
cosPs = Q                                  (26) 
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= × Q × Q Q
=
ò
ò ò             (27) 
The field Esurface is the same direction as the external field E, but opposite to the dielectric Edielectric. If 




      
1 1      ( 1)
3 3
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= + +
                     (28) 
The macroscopic polarization P is the totality of individual dipole pj moment and its density Nj 
0 j j
j
P E p Ne c= =å                              (29) 
In view of microscopic polarization, a single polarizable particle is induced by the local electric field 
Eloc 
locp aE=                                 (30) 
where α is the polarizability of an atom dipole. When the interaction among the polarization particles, 
the local dielectric field Eloc is equivalent to the external electric field E. 
0locE E=                                  (31)                            
0   j ja Nce =                               (32) 
In condensed matter, the interaction between the dipoles is high. Therefore, the local field Eloc is sum 
of the external field E and other dipole fields. The atomic polarizability α and the macroscopic 
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+ å                              (34)  
When the polarizability α is refer to volume,   





¢ =                                (35)  
Note that the Clausius-Mossotti relation is applicable for an atomic scale and non-polar/conductive 
dielectrics which also have high symmetry ionic structures.  
 
 
Mechanism of polarization 
 
The macroscopic polarization P is the totality all polarizable matters in a unit volume with application 
of external electric field E. In general dielectrics, the macroscopic polarization is the sums for each 
polarization of electrons, ions, dipoles and space charge. The 
total electron ion dipole SC domaine e e e e e= + + + +                     (36) 
 
Fig. 11 Polarization process of electrons, ions, permanent dipoles, space charge and domain 
wall. We generally consider the four-polarization mechanism for dielectrics, but the domains 
wall motion has very important roles in ferroelectrics. 
1. Electronic polarization 
The electronic polarization occurs in an atomic level and appears in all dielectrics. A negative charged 
electron shell and positive charged core cause this polarization. The polarizability of electron αelectron is 
temperature-independent constant. The higher atomic size has the higher αelectron. 
3
04Electron Ra p e= × ×                               (37) 
 
2. Ionic polarization 
The ionic polarization is occurring in an ionic lattice. When the application of the external electric 
field, the positive and negative sublattice are displaced along the direction of the electric field. 







a =                                 (38) 
 
3. Orientation polarization 
The orientation polarization is caused by permanent dipoles. The application of external electric field 
aligns the dipole into their preferred direction, while a thermal mobility of atom disturbs the alignment. 





a =                              (39) 
Where T is the absolute temperature and KB denotes the Boltzmann constant. The Langevin function 
indicates that the orientation polarization has temperature dependence so that the contribution of the 
orientation polarization can be distinguishable from the space charge orientation. 
 
4. Space charge polarization 
The space charge polarization is caused by the mobility of ions and electrons within appearing in 
electrically conducting grains and insulating grain boundaries. This polarization is important for semi-
conductors and ceramics. This polarization is also called as Maxwell-Wagner polarization in a specific 
model. The Maxwell-Wagner polarization occurs at the boundary between two different dielectrics. 
This difference makes a frequency dependency of the polarization expressed by a relaxation time with 









                               (40) 
 
5. Domain walls 
A domain wall is a boundary for a gathering of preferred oriented dipoles. With the dipole rotation, 
domain walls are merged and expanded along the direction of electric field. In ferroelectrics, domain 
wall motion has important roles of dielectric, ferroelectric and piezoelectric properties. The domain wall 
motion occurs in large signal electric field (above coercive field). In permittivity measurement, each 
charge contribution is caused short-range movement by the application of small signal voltage (~1V); 
therefore, the contribution of domain wall motion is hardly distinguishable by a normal permittivity 
measurement fulfilled with an LCR meter or impedance analyzer.  
 
The dielectric permittivity shows the frequency dependent dispersion, which is caused by dielectric 
loss with AC signal. The dielectric loss can be expressed by a complex equation. 
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ie e e= ¢ + ²                               (41) 
where ε′ is the real part of the dielectric permittivity, ε″ is the imaginary part of the dielectric 






                               (42) 
 
 
Fig. 12 Frequency dependence of the dielectric permittivity. 
 
In practical measurement, the dielectric loss is measured using the equivalent series resistance (ESR). 






                               (43) 








s se wd w
e w e w
¢= = = × =
¢ ¢
                  (44) 
 
Dielectric loss 
Ideal capacitor has 90o phase angle between I and U with no loss 
,   so  CI Q Q UC= =                           (45) 
CI CU=                                 (46) 
When the angle is 90o, the voltage U is described by 
0 sin( )U U tw=                              (47) 
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The current of an ideal capacitor IC is also described by 
0 cos( )CI U C tw w=                         (48) 
The instantaneous power is described as  
CP U I= ×                                (49) 
Therefore, the average power loss Ploss is expressed as 
0
1 T
loss CP U I dtT
= ×ò                               (50) 
00
1 sin( ) cos( )
T
lossP U t C t UdtT
w w w= ò                      (51) 
 
 
Fig. 13 (a) An ideal capacitor with sinusoidal voltage application. Phasor diagrams for (b) an 
ideal capacitor and (c) a real capacitor. A real capacitor has a phase angle < 90o, Ic is charging 
current, Iloss is a loss current. 

















                    (52) 
Integrating above equations give 
0 0 0 0
1 1sin     or    cos
2 2loss loss
P U I P U Id f= =                  (53) 
Since 
0 0 and cos
C
C
II I U Cw
d





U CP U w d
d




P U Cw d=                             (56) 
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In sinusoidal voltage, the RMS voltage and current are U0/√2 and I0/√2. The fraction of the current-
voltage is represented by sin δ (or cos Φ). The tan δ is the loss tangent (or dissipation factor) and the 
fraction of the capacitive current and voltage, appearing as heat. For dielectric materials, the Ploss 
equation can be substituted by  
0
0 0 ,  ,  r
AU E h C V Ah
h
e e
= = =                           (57) 
0
2 2 2 20
0 0 0




AP U C E h E V
h









we e d=                            (59) 
In dielectrics, εrtanδ is the loss factor, ωε0εrtanδ is the dielectric (or AC) conductivity 









s=                               (61) 





s=                               (62) 
The dielectric loss of ferroelectric materials originates from many causes such as defects, polarization 
fluctuation, domain wall motion and so on. The dielectric of ferroelectrics become very large during a 
ferroelectric phase transition. 
 
The complex permittivity 
The output of an A.C circuit results are the complex quantities as Euler’s formular, 
cos sinie iq q q= +                              (63) 
The time differential of U is expressed as 
0
i tU U e w=                              (64) 
0
i tdU i U e i U
dt
ww w= =                          (65) 
where the i multiplier indicates that U is 90o in advance of U. The equation 0
i tU U e w=  can be 
converted more specifically to the real part as 0Re[ ]
i tU e w .  
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Fig. 14 (a) Capacitative Ic and ‘loss’ components Iloss of total current I and (b) the equvalent 
circiut diagram 
For the imaginary part, let us assume the situations in lossless vacuum capacitor C0 is  
0Q UC=                                 (66) 
0
0
dUCdQI i C U
dt dt
w= = =                          (67) 
When a lossy dielectric material is filled in a lossless vacuum capacitor, it results in a complex relative 
permittivity, 
*
r r re e e¢ ¢¢= +                               (68) 
It follows that 
0 0 0r r rI i C U i C U C Uwe we we¢ ¢ ¢¢= = +                   (69) 








                                (70) 





ewe ¢¢=                               (71) 
Thus, the current density is 
0 0      r r
I E E
A
we e we e e e¢¢ ¢¢ ¢¢ ¢¢= = ¬ =                  (72) 


















                        (73) 
 
Relaxation 
Practically, the polarization returns to zero immediately after the electric field off. It is a statistical 
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event for dipoles and takes a characteristic time, which is called as “relaxation time τ”. 
0( )
t
P t P e t
-
= ×                                (74) 
However, this equation is only satisfactory for the simple system. We should consider an ensemble of 
interacting particles in time. These relations can be followed by, 
1dP P P
dt t
µ = - ×                                (75) 
0
t
P P e t
-
= ×                                  (76) 
 
 
Fig. 15 The relaxation behavior of polarization after electric-field (a) on and (b) off. 
The polarization P decays after at the time of electric field-off, 
 
Where P0 is the static polarization (the word ‘static’ means ω=0Hz, the static polarization is same as 
the DC polarization). We are interested in the frequency dependency not the time dependency P(t). For 
the frequency dependency, angular frequency ω=2πf is used for the frequency dependency P(ω). With 
Fourier transform, 
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    (78) 
P(ω) is the Fourier coefficients, when we describe the P(t) by a Fourier integral. P(ω) indicates the 
polarization response of the system. From the complex permittivity 
0 0cos sin ,  ,  
i i t i tdUe i U U e i U e i U
dt
q w wq q w w= + = = =             (79) 
( )dP t i P
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w=                              (80) 
In AC field, with the phase shift φ, the polarization and electric field are given by 
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the contribution of a static (f = 0Hz) and high frequency (f = ∞Hz) of the relative permittivity εr. Note 
that the ε0 is included in ε(ω), since the permittivity value ε is εr(ω)×ε0. 
(0) ,   ( )se e e e¥= ¥ =                        (84) 
the frequency dependent permittivity ε(ω) can be expressed as 
( ) ( )P w e e w¥+ =                         (85) 
From the frequency dependent susceptibility ( ) 1 ( )c w e w+ =  and 0D E Pe= + ,                                
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this equation is the famous ‘Debye relaxation equation’ built by P. Debye in 1912, who is a novel price 
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Fig. 16 The Debye relaxation. 
In addition, the relaxation time τ has temperature dependence expressed by Arrhenius equation as  
( / )aE RTAet =                            (92) 
where Ea is activation energy and A is a constant. 
 
Havriliak-Negami equation 
The complex permittivity *( ) ( ) ( )ie w e w e w¢ ¢¢= +   is frequently depicted as Cole-Cole plot 
which sets up x axis as the real part and y axis as the imaginary part of the complex permittivity. The 
Debye relaxation model which is an ideal relaxation model shows a perfect semi-circle in a Cole-Cole 
plot. However, a perfect semi-circle is not usual shapes in general measurements of the complex 
dielectric permittivity; therefore, the Debye relaxation equation has been developed to the Havriliak-
Negami equation which can express the non-semicircle type Cole-Cole plot. From the Debye relaxation 
Eq. 
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K. S. Cole and R. H. Cole noticed the Debye relaxation is not always matched in empirical 
measurements of liquid and dielectrics and they announced the modified formula in 1912 as below5), 
1
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The term (1-α) indicates the degree of the suppression of a semicircle, i.e., the diameter of semicircle 
is getting shorter as increasing the α value. After that, some cases which cannot be expressed Cole-Cole 
type equation were founded by D. W. Davidson and R. H. Cole using polymers such as glycerol. The 
Cole-Cole plot of polymers shows the asymmetry of semicircle; therefore, Davison and Cole announced 
another modified equation expressing the degree of asymmetry of semicircle in 19516),  
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The term β indicates the degree of the asymmetry of the semicircle. Both Cole-Cole and Cole-Davison 
type equations were finally developed into a combined equation by S. Havriliak and S. J. Negami in 
19667). 
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Fig. 17 History of the complex permittiviy equation from Debye model to Havriliak-Negami 
equation8). 
Resonance 
Polarizable matters have inertia against the direction change of electric field. The resonance in the 
atomic, ionic polarization can be compared that a mechanical response of a linear spring. In a linear 
spring, the restoring force K is proportional to displacement x;  
 
Fig. 18 Comparison between a linear spring and the ionic and electric oscillation. 
- 26 - 
 
SF K x= ×                               (97) 
This also be considered as the potential energy 
/F dU dx= -                             (98) 
The input oscillating force results the delayed output with the phase shift. The total amplitude x follows 
the in-phase 0x¢ , and out-of-phase 0x¢¢  with the phase angle φ 
 
sin cos
x xx x x
j j
¢¢ ¢
¢ ¢¢= + = =                            (99) 
From the sping-mass-damper model from Newtonian mechanics, 
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Where m is the mass, KF is the friction (damping) coefficient, KS is the spring (restoring) coefficient 
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The angle φ is needed to consider phase shift which results the complex amplitude. So, the complex 
x(ω) is  
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Let’s return to our interest of the correlation between the polarization P(ω) and the driving field E= 
E0eiωt,  
( )P N q x w= × ×                             (106) 
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Fig. 19 a) the phase shifting between the input electric field and output displacement, and b) 
the phase angle between x′ and x″. 
This can be converted to the dielectric function using the followings 
0( ) ( ) ( ) ( )r ie w e w e e w e w¢ ¢¢= × = -                       (109) 
[ ] 0( , ) ( ) ( ) i tD t i E e ww e w e w¢ ¢¢= - × ×                       (110) 
The time dependence of D can be expressed as eiωt,  
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These equations indicate the frequency dependence of mass m and electric field against a linear 
restoring force. For extreme cases for when ω = ∞ and ω = 0  
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when ω = ∞, it is also εr = 1. For dielectric material, mass m, density N, and charge q are essential 
with the spring constant KS. The friction constant KF is only important for the resonance frequency. 
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2.2.2 Ferroelectric phase transition 
Barium titanite (BaTiO3, BT) is a classical ferroelectric material which displays clear phase transition 
signatures such as lattice parameter, spontaneous polarization and dielectric permittivity with an 
increase and decrease in temperature (Fig. 20).  
 
Fig. 20 A phase transition of BaTiO3 single crystal with lattice parameter, spontaneus 
polarization and the dielectric permittivity9). (R:rhombohedral, O:orthorhombic, T:tetragonal 
and C:cubic structure) 
The lattice asymmetry is a necessary condition for the spontaneous polarization, since the polarization 
of ferroelectric materials origin from the ion displacement from their equilibrium position. It is also 
commonly accepted that a Ba-O dodecahedron framework induces an interstitial for central Ti4+ cations. 
In the temperature dependent dielectric permittivity εr diverse upon cooling from high temperature. The 
diverse temperature is a transition temperature Tc which follows the Curie-Wiess law as below, 
1 1
0( )T Tc e






                               (117) 
where T0 is the Curie temperature. With the careful observation, it is noticeable that the thermal 
hysteresis exists upon temperature change, which is due to intrinsic mechanical stress and/or crystal 
asymmetry; in addition, the birefringence becomes isotropic where it shows cubic structure. 
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Ginzburg-Landau Theory 
The Ginzburg-Landau theory is based on the mean-field theory with empirical results. The mean-field 
theory is the simplest approximate theory considering the influence and interaction of individual 
particles as the field of force as a function of time. It is also assumed that individual particles move in 
the field independently and freely. The Ginzburg-Landau theory which consider the thermodynamic 
entity of the interaction of different-sized individual dipoles. If the particular dipoles interact with many 
other dipoles, this assumption is reasonable. In second-order phase transition, the polarization value 
converges to zero at the Tc. The free energy F can be expressed by an expansion of powers of the order 
parameter without odd powers due to symmetry reason. The free energy of the crystal is not change by 
polarization reversal (P → -P).  
2 4 61 1 1( , ) ...
2 4 6
F P T P P Pa b g= + + +                     (118) 
The coefficient g2 depends on temperature. The expansion of α is less of equal to the temperature T0 
namely curie temperature. (Note that the transition temperature Tc is the ‘Curie point’ and T0 is the 
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The highest expansion coefficient should be larger than zero; otherwise, the free energy reaches for 
minus infinity for large polarization value. For a stable state, free energy state should be placed in their 
minima, i.e. the coefficient P2 should be negative.  
3 5 2 4( ) 0F P P P P P P
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¶
             (120) 
 
 
There are two cases: 
i) β > 0 → γ is neglected (γ ≈ 0) → Second-order phase transition (continuous transition). 
ii) β < 0 → γ > 0 → First-order phase transition (discontinuous transition). 
 
Second-order phase transition  
When the spontaneous polarization 2 0
0





 we can obtain,  
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The spontaneous polarization P only exists when T ≥ T0. The P is proportional to a square root law. 
When T ≥ T0, the free energy is given by, 
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The phase transition occurs at TC = T0, the relative permittivity is  
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The slope of the reverse permittivity below the TC is twice of the slope above the TC.  
 
First-order phase transition 
As mentioned, when the coefficient β < 0, the coefficient γ > 0. At the equilibrium condition (E = 0), 
the spontaneous polarization P can be P = 0 
3 5 2 4( ) 0F P P P P P P
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a b g a b g¶ = + + = + + =
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The Tc can be obtained from the state that transition from a paraelectric to ferroelectric state of the 
minimum free energy F=0 
0
0
























=                          (128) 
In 1st order phase transition, the Tc is slightly greater than T0. This lead to a sudden disappearance of 
spontaneous polarization at Tc with an increase in temperature. 
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2.3 Relaxor ferroelectrics 
2.3.1 Phenomenological signatures of relaxors 
Relaxors have their unique behaviors, distinguishable from classic ferroelectrics, which are an absence 
of Tc, strong frequency dependency of dielectric permittivity, dipolar freezing and aging effect. Here 
phenomenological feature of relaxors are introduced with practically measured data from PLZT 8/65/35. 
 
1. Burns Temperature 
 
Fig. 21 Burns temperature and Curie-weiss law.  
Burns and Dacol1) found a temperature where the interaction between dipoles begins upon cooling 
using optical measurements. The Curie-Weiss law only follow above this temperature ‘so-called’ Burns 
temperature TB. Relaxors are known for that they show no macroscopic structural change (generally 
pseudo cubic structure) for wide temperature range although they show very high dielectric permittivity 
response2).  
 
2. The Vogel-Fulture relation 
Relaxors show the frequency dispersive dielectric permittivity maxima (Tm). Through the Vogel-
Fulture relation we can calculate the Tm at 0 Hz3, 4) so-called ‘freezing’ temperature (Tf) where the 
relaxation time becomes the longest one with the polarization dynamics being retarded5, 6).  
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3. Strong frequency dependent dielectric response 
Large frequency dependent dielectric permittivity dispersion appears near the Tm and below7) (Fig. 21). 
Many researchers have tried to explain to this strong dispersion; consequently, developed to many 




Fig. 22 Vogel-Fulture relationship with poled and unpoled state 
4. Electrically induced long-range order 
The application of certain electric fields induces a ferroelectric order (or long-range order) below 
certain temperatures (< Tf)2, 8). The induced long-range order suddenly converts back to relaxor state 
near the transition temperature form a ferroelectric-to-relaxor state (TF-R) with dielectric abnormal peaks 
in both ε′ and ε″9). The calculated temperature Tf from the VF fitting and the measured Td from TSDC 
are considered to be coincide. However, the nature of this phenomenon is still not fully understood. 
Primarily, the phase below Tf was considered as a dipolar glass5, 10). Later, this concept was rejected by 
an observation of Barkhausen jumps during an application of electric-field, explaining by a 
nanodomains11). However, these nanodomains have not been clearly obverted yet, since any current 
characterization equipment cannot available to monitor the actual atomic displacements with alternating 
current; therefore, this concept is also not completely accepted12).  
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Fig. 23 Schematics of electrically induced long-range order 
 
5. Peak mismatch between ε′ and ε″ 
The Tm’s peak position of both ε′ and ε″ are mismatching (Fig. 21); however, the VF fitting results for 
both ε′ and ε″ are in the same Tf , which indicate they have different physical parameters13, 14). The 
position of Tm of the real part seems to match to the inflection point of the imaginary part10).  
 
6. Aging effect 
When a relaxor materials aged at certain temperature, it is observed a depression of dielectric 
permittivity signal at the certain temperature15, 16). Below this temperature, another frequency-dispersive 















Fig. 24 Aging effect of PLZT aged at RT for a serveral month18).  
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2.3.2 Models describing relaxation mechanisms 
This chapter introduces historical efforts to explain relaxor behaviors showing the high frequency 
dependent dielectric dispersity, broad temperature-dependent dielectric permittivity, polar properties 
with average cubic symmetry, a glassy dipole transition and so on. 
 
The diffuse phase transition model 
 
 
Fig. 25 Conceptual draws of a) normal ferroelectrics b) the diffuse phase transition with local 
Tc distribution. 
 The diffuse phase transition which is a typical relaxor behavior firstly introduced by Smollenskii et 
al. in 1950s with Pb(Mg1/3Nb2/3)O3. The basic concept of the diffuse phase transition is that the broad 
distribution of different polar entities Since the discovery of PMN, PMN is widely researched to find 
its origin of frequency-dependent dispersive and broad dielectric response. These phenomena as a 









                             (130) 
where w  is the measure frequency of each Tm. However, this simple approach doesn’t match to 
empirical results. Later, Kirillov and Isupov19) found that the permittivity at high temperature above the 
dielectric permittivity maxima obeys a modified Curie-Weiss law 
2
0 0
1 1( ) ( )T T A B T T
e e
µ - ® = + -                    (131) 
The quadratic dependence of the permittivity explained better than the linear equation. They developed 
above relation using a Gaussian distribution to express the local Curie temperature TC distribution with 
the T0 
2 2 2
02 exp ( ) / 2CT Tj pd dé ù= - -ë û                       (132) 
where σ is the standard deviation. By using this Gaussian distribution, they finally calculated the local 
curie temperature distribution with assumptions that when T0=T, the relaxation polarization become 
maximum. Therefore, the local Curie temperature TC is close to the temperature of system T0, i.e., 
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where N is the maximum number of relaxation process (1/ aV , aV  is the average volume). Through 
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Super paraelectric model 
This model is proposed by L.E Cross2) to explain the role of the heterogeneity of cation ordering and 
the dynamics of very small polar region (polar nanoregions, PNRs) are mixtures from magnetism. In 
magnetism, the superparamagnetic state is established by small ordered spin clusters which are unstable 
in magneto-crystalline anisotropy. To rationalize the local polarization distribution, Cross compared the 
RMS polarization ( 2P  ) with the spontaneous polarization, extrapolated polarization, and 
electrostriction as a function of temperature using PMN and SBN. The difference between the local and 
global symmetry. 
 
Fig. 26 Schematic paragraph of superparaelectric model in a rhombohedral symmetry (a) free 
energy ΔG vs the polarization P (b) possible polarization directions. 
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The consequence of the difference between local and global symmetries originates from the very small 
sized polar entities induced by the thermally unstable spontaneous polarization. The small polar entities 
are caused by identically aligned minimum free energy along the possible polarization directions (Fig. 
26). The free energy GD  is proportional to the volume fraction. When the volume approached 20nm, 
the Curie point close to 250oC with the free energy ~ 5G kTD . This model expanded the understanding 
of PNRs and well explains dynamics of PNRs above Tm; however, the glassy behavior such as electric-
field-induced long-range-order cannot be explained with this model. 
 
Dipolar glass model 
The dipolar glass model was introduced by Viehland et al10, 20) in 1991. This model was built to explain 
the dipole glassy freezing which is analogous to spin glass. They calculated the frequency-dependent 
dispersity of dielectric permittivity maxima Tm with the Vogel-Fulture relationship. 
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                         (136) 
wherew  is the measurement frequency, 0w is the Debye frequency, aE  is the activation energy, k  
is the Boltzmann constant, fT is the freezing temperature. 
 
 
Fig. 27 a) Comparison between Arrhenius fit21) and Vogel-Fulture fit19) for dielectric 
permittivity maxima versus frequency of PMN, b) E-T diagram relaxor8). 
 The Vogel-Fulture relationship follows the frequency dependency of Tm quite better than the 
Arrhenius relationship shown in Fig. 27 a). The Tf is considered identical to a phase transition 
temperature from ferroelectric state to relaxor temperature, which divides the relaxor state into non-
ergodic and ergodic relaxor state. This model helps to estimate the glassy slowing features of PNRs; 
however, the reason why relaxors shows this kind of dipole glassy behavior wasn’t fully suggested. 
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Degree of cation ordering 
Lead scandium tantalite (Pb(Sc1/2Ta1/2)O3, PST) is known for its interesting features showing both 
ferroelectric and relaxor properties with different B-site cation ordering22, 23) (Fig. 28). The degree of B-
site ordering in can be controlled by different thermal treatments. For example, as sintered samples are 
a mixture state of partially ordered and disordered state; then, to make B-site ordered state, as sintered 
samples were annealed near 1000oC for 30h. This very long period gives enough time to both Sc3+ and 
Ta5+ cations to settle in their minimum free energy location. Otherwise, B-site disordered samples were 
air quenched from very high temperature.  
 
Fig. 28 Comparision of PST relaxor (a) B-site ordered perovskite (b) B-site disordered 
perovskite (c) XRD deviation with superlattice reflection (d) dielectric permittivity. 
The degree of B-site ordering is easily distinguishable with superlattice reflection in X-ray diffraction 
shown in Fig. 28 c). From the comprehensive study of complex perovskite, it has been revealed that 
other B-site complex perovskite such as Pb(Sc1/2Nb1/2)O3, and Pb(In2/3Nb2/3)O3 also can show these 
kinds of deviations22). This approach clearly shows that the degree of B-site ordering is an origin of 
relaxor behavior, which well expanded understating the origin of relaxor behaviors with the structural 
consideration. However, B-site disordering can be a sufficient condition, but a necessary condition, 
since presently studied Bi-based piezoceramics, for example (Bi1/2Na1/2)TiO3 (BNT) having only one 
kind of B-site ions, also shows relaxor behaviors.  
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Table 1 B-site ordered/disordered complex perovskite22). 
Pb(B′xB″1-x)O3 
Long-Range Order Short-Range Order 
Disordered Ordered Disordered 
Pb(Fe1/2Nb1/2)O3 Pb(Sc1/2Ta1/2)O3 Pb(Sc1/2Ta1/2)O3 
Pb(Fe1/2Ta1/2)O3 Pb(Sc1/2Nb1/2)O3 Pb(Sc1/2Nb1/2)O3 
0.63Pb(Mg1/3Nb2/3)O3-0.37PbTiO3 Pb(In2/3Nb2/3)O3 Pb(Zn1/3Nb1/3)O3 
0.89Pb(Zn1/3Nb1/3)O3-0.11PbTiO3 Pb(Mg2/3W1/2)O3 Pb(Mg1/3Nb2/3)O3 
Pb(ZrxTi1-x)O3 Pb(Co1/2W1/2)O3 Pb(In2/3Nb2/3)O3 
  Pb(Cd1/3Nb2/3)O3 
 
 
Random-field and random-bond model  
The random-field model is suggested by Westphal et al.11) in 1992. They inspired from a 3-D Ising 
model using uniaxial antiferromagnet with 50% diamagnetic dilution. With a constant external magnetic 
H parallel to z axis, the H acts like staggered field due to the randomly missing spins, creating the 
different magnetic domains accompanying local excess field fluctuation along the +z and -z axis, to 
reduce their exchange free energy in domain wall and system24). By application this concept to PMN, 
they explain the origin of relaxor behavior of PMN is due to intrinsic charge disorder by Mg2+ and Nb5+ 
ions inducing uncorrelated and quenched electric field at the Pb2+ and Nb5+ sites, which are ferroelectric-
active. This random-field creates polar nanoregions (PNRs) in paraelectric regime. The random-field 
Ising model also predicts that temperature dependency of the order parameters of spins25) analogous to 
the polar relaxation slowing down at a certain temperature such as the dipolar glassy behavior. 
 
Fig. 29 conceptual draws of random-field induced by different charge cations of a) ABO3 and 
b)AB′B″O3. c) the effect of isovalent substitution in BaSnxTi1-xO3. 
 The random-bond describes relaxor behaviors of non-charge disordered-relaxors. When the materials 
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are substituted by isovalent ions such as substituting Sr2+ to bigger Ba2+ for SrNb2O (BxS1-xBN) and Ti4+ 
to Zr4+ for BaTi1Zr1-xO3 (BTZ), an increase in the broad and high frequency-dependent dielectric 
permittivity responses are also observed. The random-field and random-bond model well explain how 
relaxors have polar-properties with apparently cubic symmetry. The random-field creates PNRs due to 
random charge and/or random cation vacancies; random-bond does similar due to random interaction 
between ions.  
 
Octahedral tilting model 
Recently, Groszewicz et al.26) reported that the quadrupolar induced shift (QIS) of the electric field 
gradient distribution in BNT-100xBT relaxors is strongly correlated with the intensity of frequency 
dispersion in the dielectric spectra through complementary study between a sodium nuclear magnetic 
resonance (NMR) analysis and a density functional theory (DFT) calculation. They, then, proposed that 
the structural origin of the relaxor characteristics in BNT-xBT be the presence of oxygen octahedral tilts.  
 
 
Fig. 30 Oxygen octahedral tilting in ABO3 structure. 
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2.3.3 Phase transition from ferroelectric to relaxor state 
Phenomenologically relaxors show a transition from a ferroelectric-to-relaxor state induced by the 
temperature change and an application of electric field. The phenomenological features of electric-field-
induced state of a ferroelectric state and relaxor states are compared in Fig. 31. Below this temperature, 
polarization shows typical ferroelectric hysteresis curve. The strain curve is butterfly-shaped. The 
switching current peaks are appearing as single-two peaks. Switching current peaks indicate alignment 
of polar domains, for example, when domains begin to align along the direction of electric field, current 
flows the same direction of the electric field; otherwise, in reverse electric field cycle, the current flows 
opposite direction due to the polar domains reorientation along the opposite direction. This current 
switching response indicates charge saving and release of a material since ferroelectrics is basically a 
capacitor.  
 
Fig. 31 Phase transition near TF-R. 
Otherwise, above this temperature, the polarization hysteresis is constricted, and the strain curve 
become very large. This constricted polarization and large strain is due to electrically induced phase 
transition. For example, electric field can induce a relaxor state to ferroelectric state. It also can be 
shown for the double switching current peaks due to the additional step of polarization. This constrictive 
polarization and large strain hysteresis and double switching current peaks are representative signatures 
of relaxors. Moreover, the calculated temperature from Vogel-Fulture relation coincide to this abnormal 
peak and the depolarization temperature Td measured using poled sample by detecting current release 
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of poled sample also coincide to this temperature. 
 
 
Fig. 32 Phase transition of PLZT and schematic draw of NR to ER transtion. 
To distinguish ferroelectrics and a ferroelectric-like-relaxor state, we use terminologies ‘ergodic 
realxor (ER)’ and ‘non-ergodic relaxor (NR)’. Phenomenologically, it is impossible to distinguish 
ferroelectrics and a ferroelectric state in relaxors; however, a ferroelectric state in relaxors is categorized 
in relaxors. Therefore, we use NR to indicate ferroelectric state relaxor below TF-R. The word ‘ergodicity’ 
origins from statistics. Principally, it is easily understandable to compare ER and NR to water and ice 
respectively. For example, ER can be understood as a statistically processible system which has 
dynamic polar nano regions like that the state of water can be described as a function of temperature 
although water molecules keep playing a translational motion. Meanwhile, NR can be described as a 
system which has static PNRs such as water molecules in ice. The decisive difference between ER and 
NR is that the phase transition to ferroelectrics is made irreversibly in NR by external electric field8, 27). 
This means that NR cannot be simply distinguishable from ferroelectrics from only polarization curves. 
It has to be heated over TF-R to remove the induced macroscopic long-range order.  
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2.3.4 Lead-free relaxor ferroelectrics 
Since Takenaka at el.28) reported the solid solution of BNT and BT system. Lead-free BNT-BT-based 
system has been researched a lot because of two interesting issues. The first issue is the crystallographic 
identity and characters of morphotropic phase boundary (MPB) which is shown in 6~7 mol% BT added 
BNT-BT system, the second issue is the fact that antiferroelectric phase exists as high temperature phase 
in compositionally broad range from pure BNT to 85BNT-15BT. Presently, the dispute of the issues on 
BNT-BT is getting settled since BNT-BT system has been turned out as relaxor ferroelectrics29). 
However, it is still dispute on phase transition behavior near MPB compositions. Therefore, related 
researches are in active progress through various measurement technologies30, 31). 
 
Fig. 33 Strain measured with an initial unpoled state of BNT-BT and BNT-6BT-2KNN system 
(b) compared strain curves of 94BNT-6BT below and above TF-R. 
The large strain piezoelectric is firstly reported by Zhang et al.32-34) with (94-x)BNT-6BT-xKNN system. 
It is observed that a strain value of 0.45% at 2 mol% KNN substitution level, when they studied on 
strain hysteresis curves with an increase in KNN substitution level for 94BNT-6BT gradually. It is 
proposed that giant strain is caused by reversible phase transition between antiferroelectrics and 
ferroelectrics since there was lack of understanding on the mechanism of large strain at that times35). 
After that, it was found that the large strain is caused by reversible changes between ER and NR36), and 
it was also revealed NR is the induced from high temperature ER at room temperature by KNN 
substitution for BNT-BT system 29). 
The material state is ER in the temperature range, but it is observed that the shape of strain curves is 
exactly matched as 92BNT-6BT-2KNN’s curve. It is implied that the large strain induced by substituting 
BNT for KNN is closely related to the decrease of Td by chemical substitution. It is confirmed that Td 
of large strain composition is slightly under room temperature in BNT-BKT-ST system37), which is due 
to a transition from a relaxor to ferroelectric state. The microstructural deformation of relaxor 
ferroelectrics are roughly shown in Fig. 33. At high temperature, the BNT-BT-KNN system is a cubic 
structure and paraelectric state. The properties of ER depend on the correlation between electrical 
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dipoles and thermal energy. As the temperature decreases, thermal energy continuously decreases but 
the density of electrical dipoles is increased because the correlation among electrical dipoles is increased, 
then polar nano regions (PNRs) arise, which are groups of electrical dipoles aligned in a few nano scale2). 
As the creation of PNRs begins, the frequency dependence of a dielectric constant also begins to appear, 
related to the size and distribution of PNRs. Generally, the broader distribution and bigger size of PNRs 
lead to the larger frequency dependency. As the total size of polar nano regions get over any certain size, 
the numbers of PNRs which cannot response to specific frequency increase, and consequently the 
maximum dielectric constant depending on frequency appears. The study of Viehland at el.5, 10) shows 
that the activation energy of PNRs diverges as it reaches Vogel-Fulcher temperature (TVF) estimated 
from Vogel-Fulcher equation while they researched on kinetics of PNRs and they named the phase 
existing under the certain temperature to NR.  
 
Fig. 34 Compared strain of incipient piezoelectricity with commercial PZT (PIC151) and 
textured KNN38), CaZrO3 modified KNNLT (KNNLT-CZ and KNNLT-5CZ)39), SrTiO3 
modifiend BNT (BNT-28ST)40), textured lead-free ternary system of BNT-BKT-BA (BNKT-
22BA). 
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Fig. 35 Comparison of Tf and TF-R of PLZT (left) and BNT-6BT (right). 
With the increase in temperature, electric-field-induced ferroelectric domain textures become 
randomized at the depolarization temperature Td, determined from a peak of thermally-induced-
depolarization current (TSDC)41). In canonical relaxors such as Pb(Mn1/3Nb2/3)O3 (PMN) 42, 43) and 
PLZT 29, 44), Td and TF-R have been considered to be the same. Recently, in BNT-based relaxors, it was 
demonstrated that TF-R does not have to be identical with Td9, 41, 45). It implies that the depolarization and 
the transition to ergodic relaxor state of electrically-induced ferroelectric state are separate processes. 
which seems that different consecutive domain transitions take place at each the Td and TF-R46). It was 
proposed that this consecutive transition across Td and TF-R be a detexturization of macroscopic poled 
state and a miniaturization of ferroelectric domains with a long-range order, respectively9). 
The Td is related to freezing temperature, but not have to be exactly matched to lead-free relaxors29). 
However, NR can be changed to a ferroelectric state over certain electric field due to dynamic 
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3. Concept and Aims 
Since the first discovery of relaxors, the knowledge and understanding of relaxation mechanisms have 
been expanded from extensive researches. Lead-based relaxors have been widely used for their versatile 
ferroelectric/piezoelectric properties, even though the true origins are not fully understood. To find to 
true origin of relaxation mechanisms are extremely hard since accumulated results indicate that the 
relaxation related processes are appearing in the atomic level scale with an application of electric field.  
 
Fig. 36 Puzzle of general consensus of results and causes for lead-based relaxors. 
Fortunately, this hard topic has many consensual models describing correlations between relaxor 
features and causes thanks to a lot of dedications. Among them, the existence of polar nanoregions 
(PNRs) are key role in relaxor features. The PNRs are considered as the key role of frequency dispersion 
of dielectric permittivity, which is closely related to the origin of relaxor ferroelectrics. Hence, an 
appropriate understanding of evolution of PNRs is the most important to figure out all the remaining 
questions in relaxor ferroelectrics.  
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Fig. 37 Puzzle of results and causes for lead-based relaxors. 
Lead-free relaxors also become important due to the environmental regulations and mainly researched 
lead-free piezoceramics are classified as relaxors. However, commonly accepted concepts from lead-
based relaxors are not always matched always each other such as dopant effect, defect dipole model and 
a deviation between Td and TF-R.  
A transition from a ferroelectric-to-relaxor state is considered as two-step process appearing as pinched 
polarization hysteresis and double switching current peaks; moreover, lead-free BNT-BT shows a clear 
deviation between Td and TF-R. This conceptual description is needed to be confirmed by additional 
proper analysis. 
The results and discussion section attempt to discuss the relaxation processes mainly affect to the 
frequency dispersive dielectric response using canonical relaxor PLZT and PST and the true effect of 
chemical inhomogeneities using lead-free BNT-BT system with artificially made deficiencies. The 
conceptually suggested two-step process for a transition from a ferroelectric-to-relaxor state is observed 
by electric-field induced in-situ monitoring using the electrocaloric effect, neutron diffraction and 
transmission electron microscopy. 
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4. Results and Discussions 
4.1 Dielectric spectra of a relaxor PLZT 
This chapter has been published in the Journal of American Ceramic Society. The agreement on the 
use of the full contents has been received from John Wiley and Sons and Copyright Clearance Center 
(license No. 4377440913618). 
 
4.1.1 Introduction 
The terminology ‘relaxor ferroelectric’ had been became general after 1987 to expain the materials 
showing frequency-dependent dielectric permittivity and frequency-dispersive dielectric permittivity 
maxima1). After that, extensive researches have been fullfiled on many relaxor materials such as 
Pb(Mg1/3Nb2/3)O3 (PMN), (Pb1-xLax)(Zr1-yTiy)1-4/xO3 (PLZT), uniaxial relaxor Sr1-xBaxNb2O6 (SBN) to 
figure out the origin of the mechanism for their exclusive behaviors2-7). Presently, various models have 
been suggested so far, represented by the diffuse phase transition model,16,26,27 super paraelectric 
model,1,28 dipolar glass model,11,15 random field model,3,20 and more. None of those models clearly 
shows the conceptual modelling with empirical verifications. However, a consensus has been made on 
the existence of nano-sized polar clusters, so-called polar nanoregions (PNRs). When the relaxors are 
cooled down from high temperature far above the maximum point of dielectric permittivity Tm. The 
PNRs begin to appear at a certain temperature namely Burns temperature TB; then, the PNRs grow in 
size with further cooling.21,29 The existence of PNRs and size distribution are considered as the origin 
of frequency dispersion of dielectric permittivity and dispersive Tm which is important features 
indicating relaxor ferroelectrics. Therefore, an appropriate understanding of thermally activity of PNRs 
is necessary to unveiling many unsolved problems in relaxors. In fact, numerus studies have been 
dedicated to calculating and estimating the thermal and frequency dependent dielectric permittivity 
signals, represented by the multi relaxation with Debye model30,31 or combination of other relaxation 
mechanism29,32-34. The coexistence of frozen and dynamic PNRs35-37 as well as PNRs with different 
symmetries38,39 have also been proposed. These models have been supported by identifying all the 
contributing mechanisms to the temperature-dependent permittivity based on peak deconvolution 
techniques.6,38  
In this study, dielectric permittivity spectra as a function of frequency at different temperatures were 
studied on a canonical relaxor ferroelectric, Pb0.92La0.08(Zr0.65Ti0.35)0.98O3 (PLZT 8/65/35). By analyzing 
the complex dielectric spectra as a function of frequency for the temperatures of significance, the 
characteristic parameters and their thermal evolution were obtained. The results revealed that the 
temperature-dependent complex dielectric permittivity is composed of three relaxation processes 
featured by distinct relaxation time and the way they contribute to the complex dielectric permittivity.  
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4.1.2 Experimental procedure 
Sample preparation 
Commercially available Pb0.8La0.2Zr0.65Ti0.35O3 (PLZT 8/65/35) were used in this study. Plate samples 
in 10 mm × 10 mm × 1 mm were used from a ceramic ingot shown as Fig. 38 (Boston Applied 
Technologies, MA, US). Each sample was ground and polished, and then sliver electrodes were 
sputtered on the both surfaces.  
 
Fig. 38 Hot pressed PLZT made by (Boston Applied Technologies, MA, US) 
 
Impedance spectroscopy 
Temperature-dependent ie e¢ + ²  plots were obtained using a dielectric spectroscopy measurement 
system (Novocontrol Technologies, Hundsangen, Germany). Samples were measured in the 
temperature range was from 0 oC to 300 oC at the heating with cooling rate of 2 K/min. The measurement 
frequencies were 10 Hz, 102 Hz, 103 Hz, 104 Hz, 105 Hz and 106 Hz. Frequency-dependent ie e¢ + ²  at 
constant temperatures were recorded in the same equipment at wider frequency ranges from 10 mHz to 
10 MHz. These measurements were conducted for every 10 oC from 0 oC to 140 oC.  
 
Cole-Cole plot fitting 
 
Fig. 39 Examples of multiple fitting of Havrilriak-Negami equation using WINFIT program. 
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The built-in fitting software ‘WinFit’ was used, which was provided by the device manufacturer, 
Novocontrol Technologies for the data fitting. The description for feature of the software by the 
company states that it is optimized for the Havriliak-Negami equation with 6 fitting parameters. The 
fitting procedure in this software goes in the order of the sensitivity to the final fitting results so that it 
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4.1.3 Experimental results 
 
Fig. 40 frequency dependent (a) real part and (b) imaginary part of dielectric permittivity 
Frequency-dependent ε′ + iε″ at selected temperature are presented in Fig. 40. The real part ε′ of the 
permittivity decreases with an increase in frequency at all temperatures, which is characteristic for 
relaxors8, 9). However, a unique feature is noticed in the imaginary part ε″ of the permittivity, shown in 
Fig. 40, is subject to significant changes when temperature increases. Three relation processes are 
clearly identified. The first one is a rather slow relaxation process following a power law:  
( )  for 0nf f ne ¢¢ µ <                           (2) 
as shown by the line A in Fig. 40 (b). This first relaxation process is located at lower frequencies and 
can be observed below ~60 oC. The second relaxation process take places itself with a broad peak in the 
- 54 - 
 
intermediate frequency range, as presented by the broad peak B in Fig. 40 (b). This broad peak is 
prominent at 70 oC, though it is still traceable at relatively low temperatures about 40 oC. The third 
relaxation relaxation process appears at high frequencies and follows a power law just as the slow 
relaxation process but with a different sign in the exponent: 
 ( )  for 0nf f ne ¢¢ µ >                           (3) 
as labeled by the line C in Fig. 40 (b). This relaxation process is found to be dominant at temperatures 
near and above the dielectric maxima in ε′(T).  
In the high temperature range, the universal relaxation is important at low frequencies10). For example, 
the relaxation process at 100 oC, this process also offers a linear relationship at low frequencies (line D 
in Fig. 40 (b)). However, it is excluded the influence of this process, since this universal relaxation 
process is known to be negligible to the real part ε′ of the permittivity11).  
 
Fig. 41 (a) Cole-Cole plots of selected temperature. (b) Deconvoluted cole-cole plot at 60 oC. (c) 
Relaxation time of each relaxation process as a function of temperature. (d) Vogel-Fulture 
fitting of each relaxation process. 
Complex dielectric permittivity is expressed by * ( ) ( )ie e w e w+ ²= ¢  . The complex dielectric 
permittivity spectrum for selected temperatures were presented in Fig. 41 (a). Each spectrum consists 
of at least three different relaxation time in that the data points (ε′, ε′′) should lie on one semicircle for 
a single relaxation process. Based on this assumption, each spectrum was deconvoluted by a series of 
fitting functions using Havriliak-Negami equation12). The conductivity contribution to ε′′ is subtracted13) 
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Where se e e¥D = - , se  and e¥  are the dielectric permittivity of the DC and infinity frequency, 
respectively. τ is the characteristic relaxation time. α and β indicate deviation from the ideal Debye 
relaxation, for example, α indicate depression and β indicate a symmetry of semi-circle, respectively14, 
15).  
Complex permittivity for selected temperatures and exemplarily the deconvoluted complex 
permittivity curves at 60 oC are shown in Fig. 41 (b). The dielectric responses of relaxors are contributed 
by at least three different relaxing components, which respond to their favorable frequency range. These 
relaxing entities will be referred to as relaxation processes hereafter, allowing us to designate each 
relaxation process as fast, intermediate and slow relaxation processes depending on their responding 
frequency range. 
The relaxation time of each process is presented in Fig. 41 (c). The slow relaxation process has the 
relaxation time ranging from 10-4 to 102 seconds and decreases exponentially with a decrease in 
temperature. The slow relaxation process disappears at 70 oC and above. The intermediate relaxation 
process has the relaxation time ranging from 10-6 to 10-8 s and the relaxation time become maximum at 
70 oC. Otherwise, it is noticed the fast relaxation process has almost temperature-independent relaxation 
time with the fastest relaxation time ranging from 10-8 to 10-9 s. The distribution of relaxation time has 
consistent, comparing to other reported researches16, 17). 
The Vogel-Fulture fitting on the slow and intermediate relaxation processes are presented in Fig. 41 
(d). The freezing temperature Tf of each relaxation process was calculated as -115 oC and 37 oC, 
respectively. Interestingly, Tf of the intermediate relaxation process coincides with the Tf of the global 
data. This implies that the intermediate relaxation process is a dominant contributor to the freezing 
behavior of PLZT relaxor. The slow relaxation process has relatively longer relaxation time and larger 
activation energy than the intermediate relaxation process, meaning that the former is more static than 
the latter.  
The relaxation time gives information about the time constant of the relaxation process. The nature of 
the relaxation processes can be revealed by α (depression) and β (symmetry) values which are 
summarized in Table 2. It is seen that in the slow relaxation process regime, the α value is almost 
constant at about 0.2 for the whole temperature range, while β value stays less than 1.0 except for 60 
oC. These values suggest that the relaxation in the slow relaxation process has a wide and asymmetric 
distribution of relaxation times. This shares a phenomenological similarity with the relaxation of PNRs 
below the freezing temperature, where the relaxation time of PNRs starts to diverge18). On the other 
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hand, the intermediate relaxation process is shown to have β value of 1.0 and its α value changing from 
0.23 to 0.77 with increasing temperature. This indicates that relaxation in this intermediate relaxation 
process is stretched due to its extending over a wider range of frequencies than the ideal Debye 
relaxation, and this distribution becomes smaller with increasing temperature. These features are 
expected during the shrinkage or dissociation of PNRs due to increasing thermal energy19).  
Table 2 Summary of α and β values at different temperatures from the fitting of Havriliak-
Negami equations. 
Temperature Fast Intermediate Slow 
 α β α β α β 
140 °C 1.00 1.00 0.77 1.00 - - 
120 °C 1.00 1.00 0.68 1.00 - - 
100 °C 1.00 1.00 0.50 1.00 - - 
80 °C 0.99 1.00 0.37 1.00 - - 
60 °C 0.93 1.00 0.30 1.00 0.20 1.00 
40 °C 0.90 1.00 0.25 1.00 0.19 0.88 
20 °C 0.89 1.00 0.24 1.00 0.19 0.83 
0 °C 0.89 1.00 0.23 1.00 0.18 0.82 
 
The temperature-dependent permittivity at different frequencies of the slow relaxation process is 
illustrated in Fig. 42 (a). Both real part and imaginary part of permittivity reach maximum at around 
40 °C. Based on the fact that the slow relaxation process is active at very low frequencies, the nature of 
the slow relaxation process can be attributed to relaxation of static PNRs20). On the other hand, the 
intermediate relaxation process has a peak position at around 70 °C as shown in Fig. 42 (b). The real 
permittivity of the intermediate relaxation process decreases while its imaginary permittivity increases 
with increasing frequency. Given that the remanent polarization of the same materials degenerates 
gradually around this temperature21), the intermediate relaxation process should be originated from 
relaxation of dynamic PNRs in their ergodic phase. Both slow and intermediate relaxation processes 
contribute to the overall permittivity below freezing temperature, suggesting that both static and 
dynamics PNRs exist in non-ergodic phase as evidenced by PFM22) and NMR23) studies. The 
coexistence of both PNRs above freezing temperature has also been revealed by experiments24). The 
fast relaxation process peaks at 120 °C in both real and imaginary permittivity. Since this relaxation 
process generates high real permittivity and very low dielectric loss, the nature of this relaxation process 
should be traced back to Debye-type relaxation with non-interacting dipoles. In fact, the material is 
already in its paraelectric phase at temperatures above 110 °C where all PNRs become dissociated25). 
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The peak of the fast relaxation process might be traced back to the phase transition of PNRs in 
macroscopic scale. 
 
Fig. 42 Real and imaginary permittivity of the (a) slow, (b) intermediate and (c) fast relaxation 
process at 100 Hz, 1 kHz, and 10 kHz. 
Two other features are worth mentioning here. First, the maxima in both real and imaginary parts share 
the same peak position regardless of the type of relaxation processes, as illustrated in Fig. 42 (a)-(c). 
Second, the same analysis at other frequencies like 100 Hz and 10 kHz indicate that all the three 
relaxation processes show frequency dispersion in the peak height but not in the peak position, i.e., none 
of them shows frequency-dispersive maximum in its temperature-dependent spectra. This suggests that 
all three relaxation processes individually are of non-relaxor nature. Indeed, the relaxor behavior is the 
result of synergy among all three relaxation processes. Over the whole temperature range, the real part 
of the permittivity is mainly given by the convolution of intermediate and fast relaxation processes. 
Since the magnitude of real permittivity of intermediate relaxation process is frequency depend while 
that of fast relaxation process is almost frequency independent, the convolution of these two gives rise 
to frequency dispersion in the overall real permittivity. On the other hand, the imaginary permittivity is 
resulted from the convolution of slow and intermediate relaxation process. The magnitude of imaginary 
permittivity of slow relaxation process decreases with increasing frequency while an inverse relation is 
observed for intermediate relaxation process. The convolution of these two leads to wider frequency 
dispersion in the overall imaginary permittivity. Since the frequency dependence of intermediate 
relaxation process is the largest among the three relaxation processes in both real and imaginary 
permittivity, the major reason for the frequency-dispersive dielectric maxima is largely due to the 
intermediate relaxation process. Thus, the appearance of the overall dielectric maximum and its 
frequency dispersion should be understood as the multiple relaxation processes rather than a single one.  




Fig. 43 Summary of involvement of each relaxation process at 1 KHz. 
The ε′(f) and ε″(f) spectra at 1 kHz data were taken from fitting parameter of each process are compared 
the global data (Fig. 43). As shown in Fig. 43, all three relaxation processes contribute to the real part 
at temperatures below 70 oC. In contrast, the imaginary part is mainly contributed by the slow and 
intermediate relaxation processes. For the real part, the maximum in the overall imaginary permittivity 
is given by the sum of the maximum of the slow and intermediate relaxation processes. This leads to 
the difference in the temperature for the maximum dielectric permittivity between the imaginary part 
and the real part.  
To unravel the underlying mechanism for the aging behavior, time-dependent change in the complex 
dielectric permittivity at 1 kHz at different temperatures was monitored as in Fig. 44 (a). It is noted that 
the time dependent dielectric permittivity ε′(t) can be well-described by the following exponential decay 
function. 
( ) ( ) ( ) ( ) /0 tt e le e e e -= ¥ + - ¥é ùë û ,                     (5) 
where ε(t) is the permittivity at time t, and ε(∞) is the dielectric permittivity after an infinite amount 
of time. ε(0) is the dielectric permittivity of a fresh sample. The parameter l  is the exponential time 
constant.  
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Fig. 44 (a) Time dependent ε′ and ε″ with the exponential decay fitting at various temperature 
at 1 kHz. (b) The exponential decay parameter ε(∞) and  ε(0)-ε(∞) at selected temperature are 
compared with the 1 kHz data from ε′(f) and ε″(f). 
The ε(∞) and ε(0) - ε(∞) are compared to the ε(0) at 1 kHz presented in Fig. 44 (b). The deviation 
between ε(0) and ε(0) - ε(∞) begins slightly above Tm upon cooling, which indicate the suppression of 
the frequency permittivity which is related to the other reported aged relaxors26, 27). The time dependency 
of real part ε′(t) shows the largest decay at 70 oC, which implies that the aging-related changes in the 
dielectric permittivity in the PLZT relaxor should be closely related to kinetics of the intermediate 
relaxation process. In contrast, the ε(0) - ε(∞)shows double maxima, one at ~30 oC and the other again 
at ~60 oC. The latter maximum is obviously related to the intermediate relaxation process, while the 
former to the slow relaxation processes. This result implies that the slow and intermediate relaxation 
processes are mainly responsible for the aging process of the PLZT relaxor system, leading to a ‘dip’ in 
the dielectric permittivity response below Tm in aged relaxors26, 28-30).  
The fast relaxation process has the relaxation time (τ) in the range of 10-8 ~10-9 s, which remains 
practically constant over the monitored temperature range covering Tf and Tm. This denotes that the fast 
relaxation process gives little contributions on the frequency-dispersive dielectric features. Given that 
the fast relaxation process has α value of near 1.0 and β value of 1.0 (Table 2), this relaxation process 
can be described by a Debye-type relaxation. This relaxation process was initially derived for ideal and 
non-interacting polar entities such as highly uncorrelated reorientable individual dipoles.  
On the other hand, the dielectric permittivity of both intermediate and slow relaxation processes are 
noticeably susceptible to the measurement frequencies (cf., Fig. 42 (d)). It means that the frequency-
dispersive nature of the dielectric permittivity of the PLZT relaxor system originates from a mutual 
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contribution of both intermediate and slow relaxation processes. It is noted that both the peak in ε′(T) 
and ε″(T) of the slow relaxation process appears at 40 oC, implying that the appearance of Tf be closely 
related to the kinetics of slow process. This change in the kinetics could be correlated with the 
appearance of anisotropy in the shape of PNRs, which was demonstrated in Pb(Mg1/3Nb2/3)O3 (PMN) 
through transmission electron microscopy.31, 32) In the literature, it is well-known that upon cooling, the 
initially spherical-shaped PNRs become larger and larger and merge with each other, leading to the 
development of oval-shaped PNRs. This phenomenon happens in the temperature range between the 
maximum dielectric permittivity Tm and the freezing temperature Tf, which has been clearly 
demonstrated in another canonical relaxor Pb(Mg1/3Nb2/3)O3 by in-situ TEM.31, 32) In fact, this 
interpretation was further confirmed by a neutron scattering analysis of PMN, revealing that the 
correlation length (ξ) reflecting the length scale of the PNRs increases abruptly in passing through Tf 
during cooling.33, 34) In this regard, it is assumed that the dielectric response of the slow relaxation 
process be due to the response of oval-shaped PNRs, which may begin to appear at about 70 oC as the 
temperature decreases. It follows that the observed two relaxation processes creating the frequency 
dispersion in the dielectric permittivity, i.e., the intermediate and the slow relaxation processes, might 
be attributed to their shape discrepancy as demonstrated in the PMN relaxor system.  
 
4.1.4 Summary 
 It is shown that the dielectric permittivity spectra of a PLZT relaxor ferroelectric are the totality of 
three distinct relaxation processes from both temperature-dependent ε(T) and frequency-dependent ε(f) 
spectra. These different relaxation processes were featured by their different relaxation time, namely, 
slow, intermediate, and fast process. The fast process was nearly unrestricted from any frequency 
dependence and constituting a major portion of the real part of dielectric permittivity; otherwise, gave 
the small contribution toward the imaginary part. The intermediate process plays a key role on the 
magnitude of both real and imaginary permittivity with the contribution peaking at 70 oC in both real 
and imaginary part of the dielectric permittivity. On the other hand, it was shown that the slow process 
mainly contributes to the imaginary part of the dielectric permittivity, vanishing above 70 oC, where the 
contribution of the intermediate process peaks. In short, each relaxation process can be described as 
relaxation process models: (1) the slow relaxation process - the static relaxation process of oval-shaped 
PNRs, (2) the intermediate relaxation process - the dynamic process of spherical-shaped PNRs and (3) 
the fast relaxation process - non-interacting dipoles like Debye relaxation model. I propose that the 
dielectric response of relaxors are the totality of other different relaxation process. The complex 
dielectric permittivity spectra can be deconvoluted by the series of fitting function using Havrilak-
Negami equation. Each relaxation processes have different roles in the complex dielectric permittivity 
spectra.  
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4.2 Dielectric spectra of a relaxor PST 
4.2.1 Introduction 
B-site cations (Sc3+, Ta5+) in Pb(Sc1/2Ta1/2)O3 (PST) ceramic can be ordered and/or disordered by 
different thermal treatments after sintering. When PST annealed at suitable temperature and for enough 
time, the B-site cations become ordered state (PST-O), which behaves like ferroelectrics. However, 
when the PST is quenched from the certain temperature far above the sintering temperature, the B-site 
cations can remain disordered state (PST-D) at room temperature, which behaves like relaxor 
ferroelectrics. The degree of B-site ordering was calculated from the ratio of intensities between the 
super lattice reflection (111) and the adjacent lattice reflection (200) using an X-ray diffractometer.  
Both PST-O and PST-D of the electric-field-induced properties and dielectric properties and were 
investigated at various temperatures ranging from -70 to 150 oC, based on their dielectric permittivity 
maxima, where most phenomena characterizing ferroelectrics and relaxor ferroelectrics take place. As 
we expected, PST-O and PST-D shows general ferroelectrics and relaxor’s polarization hysteresis, strain 
and switching current curves respectively. The dielectric relaxations can be evident in Cole-Cole plots 
depicted from the real (ε′) and imaginary part (ε″) of the dielectric permittivity. Practically, dielectric 
relaxation processes change near their dielectric permittivity maxima and to figure out their physical 
meaning is the main focus of this study. 
 
4.2.2 Experimental procedure 
Sample preparation 
 
Fig. 45 Experimental procedure of PST sample fabrication. 
The oxides such as PbO (99.9%, Sigma Aldrich), Sc2O3 (99.99%, Sigma Aldrich), and Ta2O5 (99.9%, 
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Kojundo Chemical) were mixed according to the stoichiometric formula of (Bi1/2)1-x[(Na1/2)1-x]-y 
BaxTiO3-xy (BNT-100xBT-100yA, x = 0, 0.06, 0.09, 0.13, 0.40 and 0.80, y = 0, 0.01, 0.02 and 0.04), 
followed by a ball-milling for 24 h in ethanol. The ball-milled powder was calcined at 850 oC for 2 h 
and ball-milled again for 24 h. Polyvinyl alcohol (PVA) as a binder was added into the calcined powder 
before being pressed into disks of 10 mm diameter under 180 MPa uniaxially applied. Samples were 
sintered in a closed crucible at 1300 oC for 2h. The closed crucible is filled with PbZrO3 + PbO 
sacrificial powder shown in Fig. 46. As sintered samples were proceeded to further thermal treatments 
to control B-site cations. For B-site ordered PST, as sintered samples were annealed at 1000oC for 30h; 
otherwise, B-site disordered samples were air quenched after annealing at 1580oC for 20 min. 
  
Fig. 46 Closed crucible filled with sacrificial powder (a) Closed crucible like ‘Russian-
Matroshka1)’ for preventing evaporation of Pb during sintering. (b) Sacrificial powder filled in 
inner and outer crucibles 
Characterization 
 The degree of B-site ordering was quantitatively by calculation from the ratio of intensities between 
base and super lattice reflection using an X-ray diffractometer (MiniFlex600, Rigaku, Japan). Electric-
field-induced properties (polarization-field (P-E), strain-field (S-E) hysteresis loops as well as the 
associated switching current (I-V) behaviour) were measured with a piezoelectric measurement system 
(aixACCT aixPES, Aachen, Germany). Temperature dependent dielectric permittivity was measured by 
a dielectric spectroscopy measurement system equipped with a temperature controller (Novocontrol 
Technologies, Hundsangen, Germany). The temperature range was from -70 oC to 200 oC at the heating 
and cooling rate of 2 K/min and the measurement frequencies were 100 Hz, 1 kHz, 10 kHz, 100 kHz 
and 1 MHz. Frequency-dependent ε′ + iε″ at constant temperatures were measured in the same 
equipment at frequencies ranging from 10 mHz to 1 MHz. These spectra were taken for PST-D for every 
10 oC between -70 oC and 150 oC. For PST-D, every 5 oC between -10 oC and 50 oC, especially, every 
0.5 oC between -10 oC and 50 oC, where the dielectric permittivity maxima exist. 
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4.2.3 Experimental results 
Structural analysis 
 
Fig. 47 Differences of major properties of B-site ordered PST (PST-O) and disordered PST 
(PST-D), structural illustrations of a) PST-O and b) PST-D, c) X-ray diffraction results 
Pb(Sc1/2Ta1/2)O3 ceramics (PST) can be transformed to quite different properties both ferroelectrics 
and relaxors by different thermal treatments. The structural illustrations of B-site ordered PST (PST-O) 
and B-site disordered PST (PST-D) in Fig. 47 (a) and (b). The degree of B-site ordering can be 
distinguishable by the superlattice reflection as Fig. 47 c). As sintered samples have a mixture of ordered 
and randomly sited B-site cations. When PST annealed at suitable temperature and enough time, the B-
site cations (Sc3+, Ta5+) move to find their lowest chemical potential level. The mobility of B-site cations 
creates regularly sited Sc3+ and Ta5+, which behaves like ferroelectrics. However, when the PST stays in 
high temperature than sintering temperature (~1580oC), B-site cations are fully randomly sited. To keep 
the fully randomly sited state, they were quenched from the high temperature. Through the quenching 
method the B-site cations remain fully disordered state. The degree of B-site ordering is calculated by 
comparing the super lattice reflection (111) and the adjacent lattice reflection (200). The order parameter 
S is calculated by the equation2) 
2 111 200 observed
111
111 200 ( 1), calculated
( / )




                         (137) 
The order parameter S2 of ideally ordered PST-O is 1.32), other references reported bulk PST ceramics 
as 85-89 for maximum2-7). 





Fig. 48 Electric-field-induced properties of PST-O. 
Electric-field-induced properties of PST-O (polarization-field (P-E), strain-field (S-E) hysteresis loops 
as well as the associated switching current (I-V) behavior) were measured as Fig. 48. At low temperature, 
the polarization hysteresis loop shows typical ferroelectrics accompanied with the butterfly-shaped 
strain and single switching current peak. With an increase in temperature, the polarization hysteresis 
loop become pinched (26.9oC); then it fully becomes so-called ‘double hysteresis loops’ (at 28.8oC), 
which occurs due to a transition from a paraelectric to ferroelectric state as long as this PST-O as a 
typical ferroelectric material8). Both positive and negative polarization parts of double hysteresis loops 
are getting separated away as increasing the temperature, implying that the electrical energy for the 
transition from a paraelectric to ferroelectric state is needed more and more as increasing the 
temperature. In higher temperature (62.5oC), it finally becomes a paraelectric phase for all electric-field 
range. 
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Fig. 50 The temperature-dependent dielectric permittivity response with polarization hysteresis 
loops of (a) PST-O and (b) PST-D 
Electric-field-induced properties of PST-D were measured as Fig. 49. In much lower temperature 
(−49.4oC) than PST-O, PST-D shows a typical ferroelectric shape of the polarization hysteresis, strain 
curves and switching current loops. It starts showing a pinched polarization loop at −13.9 oC. The 
polarization hysteresis loop gradually become a paraelectric state with an increase in temperature unlike 
PST-O. Finally, it fully becomes a paraelectric phase at 148.7oC. The temperature range of both PST-O 
and PST-D from the first temperature showing the pinched polarization to the temperature showing a 
full paraelectric phase are ~40oC and ~160oC respectively. This temperature range difference concludes 
that the degree of B-site cations increases potential energy for a phase transition from a non-ergodic to 
ergodic relaxor state. The temperature-dependent dielectric permittivity responses more clearly show 
the difference between ferroelectric- and relaxor-like features related to B-site ordering shown in Fig. 
50.  
 
Fig. 51 Colo-Cole plot of a) PST-D and b) PST- D 
To compare the relaxation processes of both PST-O and PST-D to aforementioned PLZT, the 
broadband frequency weep as a function of temperature was conducted as a frequency range from 10mH 
to 1MHz. The frequency range was selected as a vicinity of where the phase transition occurs for both 
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PST-O and PST-D. 
In Cole-Cole plot the frequency increases from the right side to left side since the lower frequency 
induces the higher dielectric permittivity. In figure Fig. 51, it seems that tendencies for the Cole-Cole 
plot changes do not follow the PLZT’s tendency. For PLZT, three different relaxors were distinguished 
by Cole-Cole plots (Fig. 41). The right is distinguished as a fast relaxation process, middle side is an 
intermediate relaxation process, and left side as slow relaxation process due to relative difference in 
frequency. In Fig. 51 a), it seems that PST-O have three relaxation processs as same as PLZT does; 
however, the fast relaxor, which is considered as dynamic PNRs, seem to be disappear as increasing the 
temperature, which should be increasing because the portion of dynamic PNRs increases with an 
increase in temperature. In the case of PST-D shown in Fig. 51 b) is more confusing. At low temperature 
PST-D has two relaxation process which is well follows PLZT’s phenomenon; however, one more 
process doesn’t appear even the temperature crosses the Tm. With the comparison between the real and 
imaginary part as a function of temperature (Fig. 52), in case of the PST-O, there are noticeable slope 
change in the real part of permittivity at high frequency rage (~1Mhz) as the temperature change, which 
indicate a decay of a polarizable matter. For PST-D, the real part at 10 oC shows double decreases, 
considered as at least two decay process exist as a function of frequency. The Cole-Cole plot of PST-D 
supports the hypothesis that there are three relaxation processes exist in relaxors, but more detailed 
analysis is needed to quantitative comparison between PST and PLZT. 
 




















































 The degree of B-site ordering was investigated using electric-field-induced properties both large signal 
(polarization-field (P-E), strain-field (S-E) hysteresis loops and switching current (I-V) behavior) and 
small signal responses (impedance spectroscopy). Both characterizations well indicate that the relaxor 
features are proportional to degree of B-site ordering. The Cole-Cole plot of selected temperature show 




1. Russian-Matroshka, https://en.wikipedia.org/wiki/Matryoshka_doll. 
2. H.-C. Wang, W.A. Schulze, Order-Disorder Phenomenon in Lead Scandium Tantalate, J. Am. 
Ceram. Soc. 73(5) (1990) 1228-1234. 
3. N. Setter, L.E. Cross, The contribution of structural disorder to diffuse phase transitions in 
ferroelectrics, J. Mater. Sci. 15(10) (1980) 2478-2482. 
4. N. Setter, L.E. Cross, The role of B-site cation disorder in diffuse phase transition behavior of 
perovskite ferroelectrics, J. Appl. Phys. 51(8) (1980) 4356-4360. 
5. C.G.F. Stenger, A.J. Burggraaf, Order–disorder reactions in the ferroelectric perovskites 
Pb(Sc1/2Nb1/2)O3 and Pb(Sc1/2Ta1/2)O3. II. Relation between ordering and properties, Phys. 
Status Solidi A 61(2) (1980) 653-664. 
6. C.G.F. Stenger, A.J. Burggraaf, Order–disorder reactions in the ferroelectric perovskites 
Pb(Sc1/2Nb1/2)O3 and Pb(Sc1/2Ta1/2)O3. I. Kinetics of the ordering process, Phys. Status Solidi A 
61(1) (1980) 275-285. 
7. N. Setter, L.E. Cross, An optical study of the ferroelectric relaxors Pb(Mg1/3Nb2/3)O3, 
Pb(Sc1/2Ta1/2)O3, and Pb(Sc1/2Nb1/2)O3, Ferroelectrics 37(1) (1981) 551-554. 





- 70 - 
 
4.3 The role of A-site deficiency of BNT-Based relaxor ferroelectrics. 
4.3.1 Introduction 
Decades of extensive researches have been conducted on lead-free (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 
(BNT-100xBT) system, not only because it has been considered one of the representative lead-free 
piezoceramics in replacing the marketing dominating lead-based ones in response to environmental 
regulations 1-3) but also because there have been controversies over its structural identity 4-6).  
As noted, BNT-100xBT to a certain level of BT contents (x = ~0.15) had initially been considered to 
be a ferroelectric with an antiferroelectric polymorph at higher temperature7). Indeed, when a sprout-
shaped large strain was observed in a BNT-7BT single crystal, the strain mechanism was proposed to 
be a consequence of an electric-field-induced reversible antiferroelectric-to-ferroelectric transition8). 
Later in 2007, a similar type of large strains were reported in BNT-BT-KNN ceramics9-11). Although an 
electric-field-induced reversible antiferroelectric-to-ferroelectric transition was again considered to be 
an underlying strain mechanism, the true identity of the zero-field ‘antiferroelectric’ phase remained 
questioned. Soon, it was shown that the presence of constricted polarization hysteresis loop, taken as a 
concrete proof of antiferroelectricity7), is only a necessary condition, indicating the presence of any 
phase that is macroscopically ‘non-polar’ at zero field12).  
To unveil the structural uncertainty of BNT-BT-based piezoceramics with a large strain at both on- and 
off-field situation, a number of in-situ electric-field-dependent structural investigations have been 
reported13-17). A common feature of this studies is the fact that a phase at zero field is metrically cubic, 
a deviation from which could only be evident from the presence of superlattice reflections. A clue to all 
the existing complexity in the structural aspects was given from a dielectric permittivity study that 
phenomenologically showed that BNT-BT-based piezoceramics are relaxor ferroelectrics18), although 
the origin of the relaxor features and the true answer to the structural identity still remain unresolved.  
Recently, Groszewicz et al.5) reported that the quadrupolar induced shift (QIS) of the electric field 
gradient distribution in BNT-100xBT relaxors is strongly correlated with the intensity of frequency 
dispersion in the dielectric spectra through complementary study between a sodium nuclear magnetic 
resonance (NMR) analysis and a density functional theory (DFT) calculation. They, then, proposed that 
the structural origin of the relaxor characteristics in BNT-xBT be the presence of oxygen octahedral tilts, 
the tilting angle of which make a continuous unimodal distribution. To test this premise, we designed a 
series of experiments by introducing Na deficiency to BNT-100xBT of a wide range of compositions. 
Here, it is expected that the intentionally generated Na deficiency would make the existing lattice 
components such as oxygen octahedral tilts further distorted by exerting a tensile stress, leading to a 
broader distribution in the tilting angle and consequently a much higher dispersion in the dielectric 
permittivity. Unexpectedly, it has been found that a relaxor state in BNT-BT system could also be 
induced in the absence of the proposed tilting disorder, and the appearance of relaxor features was 
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influenced mainly by the change in the transition temperature from a ferroelectric to relaxor state; albeit 
the intensity of dielectric dispersion appears to increase with the deficiency level. 
 
4.3.2 Experimental procedure 
Sample preparation 
 
Fig. 53 Experimental procedure 
The oxides or carbonates (Sigma Aldrich) such as Bi2O3 (99.9%), Na2CO3 (99%), BaCO3 (99%), and 
TiO2 (99%) were mixed according to the stoichiometric formula of (Bi1/2)1-x[(Na1/2)1-x]-y BaxTiO3-xy 
(BNT-100xBT-100yA, x = 0, 0.06, 0.09, 0.13, 0.40 and 0.80, y = 0, 0.01, 0.02 and 0.04), followed by a 
ball-milling for 24 h in ethanol. The ball-milled powder was calcined at 850 oC for 2 h and ball-milled 
again for 24 h. Polyvinyl alcohol (PVA) as a binder was added into the calcined powder before being 
pressed into disks of 12 mm diameter under 180 MPa uniaxially applied. Samples were sintered in air 
at 1150 - 1300 oC for 2 - 3 h. Samples were poled in an oil bath at 100 ◦C by applying an electric field 
of 5 kV/mm for 30 min then field-cooled to room temperature. 
 
Electric-field-induced properties 
Electric-field-induced properties (polarization-field (P-E), strain-field (S-E) hysteresis loops as well 
as the associated switching current (I-V) behaviour) were measured with a piezoelectric measurement 
system (aixACCT aixPES, Aachen, Germany). The temperature dependent dielectric permittivity 
curves were measured using an impedance analyzer HP 4192A (Hewlett-Packard Company, Palo Alto, 
CA) in conjunction with a customized sample holder.  
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Structural analysis 
Room temperature X-ray powder diffraction data were collected from an X-ray diffractometer (Rigaku 
Miniflex System, Rigaku, Tokyo, Japan) using Cu-Kα radiation. TEM measurements were conducted 
by Prof X. Tan’s research group in Iowa State University, USA. As-sintered pellets were mechanically 
ground and polished to 120 µm thickness. Disks of 3 mm in diameter were ultrasonically cut and the 
center portion was thinned to 10 µm by mechanical dimpling. The dimpled disks were annealed at 300 
oC for 2 hours to minimize the residual stress before Ar-ion milling to the point of electron transparency. 
Domain morphology observation and electron diffraction analysis were carried out using a TEM (FEI 
Tecnai G2-F20) operated at 200 kV. 
 
4.3.3 Experimental results 
Structural analysis 
 
Fig. 54 X-ray diffraction patterns of BNT-xBT with the Na deficiencies (the subscript “pc” 
denotes pseudo-cubic Miller index). a) BNT, b) BNT-6BT, c) BNT-9BT, d) BNT-13BT, e) BNT-
40BT and f) BNT-80BT. 
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X-ray diffraction profiles of the selected compositions in BNT-100xBT as a function of Na deficiency 
level (y) are presented in Fig 1. Neither secondary phases nor impurity phases were detected for all 
compositions within the resolution limit. It is seen that the increase in the deficiency level leads to the 
increase in the lattice parameter. As noted, BNT-100xBT can be grouped into three: a rhombohedral 
symmetry with an antiphase tilting system dominated up to x = 0.06, a tetragonal symmetry with an in-
phase tilting system up to x = 0.15, and a tetragonal symmetry without any tilting system above x = 
0.15. For the regime, where a rhombohedral distortion dominates with an antiphase tilting system, the 
X-ray diffraction profile displays a metrically cubic symmetry with no evident peak splitting, required 
for a non-cubic distortion, regardless of the level of Na deficiency.  
For the compositions with a higher BT content, where a tetragonal distortion with an in-phase tilting 
system, i.e., x = 0.09 and 0.13 and without any oxygen cage tilting, i.e., x = 0.40, a peak splitting in 
(200)pc (the subscript ‘pc’ stands for the pseudo-cubic perovskite structure) is evident in the 
stoichiometric compositions (y = 0). It is interesting to note that the split reflections tend to merge into 
a single reflection when the deficiency level reaches a certain critical level. Given that the two-theta 
position of the merged reflection is located in-between the split ones, the coherence length of the 
tetragonal entity in the system becomes shorter than the coherent wave of the currently employed X-
ray beam. This implies that the initially existing long-range order is broken down by the increase in the 
amount of Na deficiency. On the other hand, in BNT-80BT, the peak splitting persists up to the 
maximum deficiency level, above which a secondary phase starts to develop. This indicates that the 
long-range order in this composition is highly strong against Na deficiency. 
 




Fig. 55 Comparison of electric-field-induced properties of BNT-xBT according to the BT 
content and Na deficiency concentration. 
The electric-field-induced properties of BNT-100xBT as a function of the level of Na deficiency (y) 
are given in Fig. 55. For the pure BNT, regardless of the deficiency level, all the tested specimens 
exhibit the typical ferroelectric signatures for all the deficiency levels, i.e., a square type of polarization 
hysteresis, a butterfly-shaped strain hysteresis, and a single switching current peak. As well, not much 
change is induced in the electric-field-induced properties with increasing deficiency level. 
 In the case of BNT-6BT, the typical ferroelectric behaviors are shown for y = 0, 0.01 and 0.02, while 
the characteristics of the functional properties change drastically at y = 0.04. The polarization hysteresis 
becomes pinched, the strain hysteresis changes into a sprout-shaped one with the negative strain 
vanishing, and the switching current becomes doublet. These three phenomena can only be observed, 
when there is a reversible phase transition between less or non-polar phase at zero electric field and a 
highly polar phase above a certain electric field level17, 19). Among them is an ergodic relaxor 
ferroelectric that is macroscopically non-polar at zero electric field but transforms into a ferroelectric 
state when an external electric field reaches a certain level. The same trend was also observed in the 
compositions with higher BT contents such as x = 0.09 0.13 and 0.40. However, the transition from a 
typical ferroelectric behavior to relaxor was not observed in BNT-80BT even up to the maximum 
deficiency level at y = 0.04 that is free of any secondary phase. 
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Fig. 56 Concept of stress field induced by depect dipoles 
Here, one should notice that although the transition from a ferroelectric to a relaxor with an increasing 
deficiency level in BNT-0BT and BNT-80BT is experimentally absent, it is obvious that Na deficiency 
favors a relaxor state with a short-range order in that the changes in the coercive field and the position 
of switching current follow the same trend with those in the other compositions. The observed transition 
from a normal to a relaxor ferroelectric can be reasonably explained by reinforced random fields due to 
the forced deficiency. When Na ions are intentionally removed out of the lattice, cation vacancies and 
charge-balancing oxygen vacancies should be formed to satisfy the charge neutrality. This specific case 
is expected to result in two types of defect entities, i.e., 'NaV  and ( )'Na OV V-
ggg  . It is generally 
believed that the formation of this type of defect dipoles, e.g., a defect dipole between acceptor and 
oxygen vacancy, tends to develop an internal bias field that pins the domain wall motion20-22). However, 
it is obvious that, in our case, there is a factor that prevents the ( )'Na OV V-
ggg  dipoles from being 
aligned to form a long-range bias field. This can be reasonably explained by the presence of stress field 
around the vacancies. It is noted that the formation of these vacancies would exert a tensile stress on 
the matrix, which is obvious from the increase in the lattice parameters with increasing deficiency level 
(Fig. 54). In the presence of a stress field around the cation vacancies, one can expect that the associated 
defect dipoles, i.e., ( )'Na OV V-
ggg  , would rotate randomly to release the existing stress fields. This 
would lead to the increase in the random fields that weaken long-range orders23).  
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Correlation with the phase transition temperature TF-R 
 
Fig. 57 Temperature dependent dielectric permittivity and losses of poled samples of a) BNT, b) 
BNT-9BT, c) BNT-40BT and d) BNT-80BT with deficiency level y = 0, 0.01, 0.02 and 0.04. 
The temperature-dependent dielectric permittivity and loss of poled BNT-100xBT-100yA of selected 
compositions are shown in Fig. 55. The transition temperature from a ferroelectric to relaxor state TF-R, 
determined from the first peak in the dielectric loss (tan δ) in BNT-based relaxors with increasing 
temperature24), tends to decrease with increasing deficiency level. This is consistent with other non-
stoichiometric BNT-based system with the variation in the ratio between Bi and Na ions25-29). The TF-R 
of BNT-0BT-100yA series decreases from ~180 oC to ~80 oC up to the maximum possible deficiency 
level. This explains why the electric-field-induced properties of BNT-0BT-100yA retain those of non-
ergodic relaxors, since the pristine BNT itself is a non-ergodic relaxor (Fig. 55 (a)); whereas, the TF-R 
of both BNT-9BT-100yA and BNT-40BT-100yA drops below room temperature when y reaches 0.02 
and 0.04, respectively. It is noted that the deficiency level that brings the TF-R down below room 
temperature coincides with the level that induces a drastic change in the electric-field-induced 
polarization and strain hysteresis loops. This concludes that the observed pinched polarization 
hysteresis loops and the large strains are the consequence of a phase transition from a non-ergodic to an 
ergodic relaxor due to the Na deficiency, represented by the shift in TF-R below room temperature. On 
the other hand, although the TF-R of BNT-80BT-100yA series decreases with increasing y is obvious, the 
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degree of decrease is small and regular, which makes this compositional series different from the others. 
It appears that BNT-80BT-100yA is so close to the pristine BT, which is a prototypical ferroelectric, that 
the stress field caused by the introduced deficiency is not strong enough to strengthen or generate 
random fields. This is easily expected from the trend that the appearance of a sprout-shaped strain 
requires higher deficiency level in the tetragonal compositions such as BNT-9BT, BNT-13BT, and BNT-
40BT (Fig. 55). 
As noted, the motivation for this study was to correlate the relaxor features in BNT-100xBT-100yA 
with the presence of oxygen octahedral tilting in reference to the recent report5). However, it is highly 
unlikely that the birth of relaxor features prerequisites the presence of oxygen octahedral tilting 
according to the currently presented data so far. A special emphasis should be put on BNT-40BT-100yA, 
because it is generally accepted that BNT-40BT is free of oxygen cage tilting systems30), meaning that 
the appearance of relaxor features in this compositional series is rather extraordinary. To check if the 
forced deficiency in this compositional series could generate the oxygen octahedral tilting, it was 
performed a comparative study on the structural aspects of BNT-40BT-0A and BNT-40BT-4A through 
transmission electron microscopy. 
 
In-situ transmission electron microscopy analysis 
 
Fig. 58 TEM analysis of BNT-40BT-0A and BNT-40BT-4A ceramics, the apparent splitting in 
diffraction spots indicates strong tetragonal distortion. (a) 90o lamellar domains with edge-on 
domain walls viewed along <100> zone-axis. (b) 90o lamellar domains with edge-on domain 
walls viewed along <112> zone-axis. (c) A grain viewed along <100> zone-axis is occupied with 
nano domains in the left side and lamellar domains in the right side. The lower left inset is the 
EDP from the nano domain area and the lower right inset is from the lamellar domain area. (d) 
A grain viewed along <112> zone-axis is fully occupied with lamellar domains. 
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All grains in the ceramic of stoichiometric composition display typical lamellar ferroelectric domains, 
depicted in Fig. 58. Electron Diffraction Pattern (EDP) analysis indicates that domain walls are along 
{011} planes. Since the ceramic is isostructural to BaTiO3, these are 90o domains with a head-to-tail 
polar vector configuration31). The diffraction spots display apparent splitting, indicating a strong 
tetragonal distortion32). 
The BNT-40BT-4A displays complex features. About 50% of the grains contain micrometer-sized 
lamellar domains, while the rest is full of nano domains. In addition, small grains (~200 nm in size) 
without any contrast are also seen. Based on Energy Dispersive Spectrometer (EDS) and EDP analysis, 
as well as bright field imaging inspection, it is likely that they are Ba6Ti17O4033). The overall volume 
fraction of the second phase is around 1%.  
 
Fig. 59 TEM analysis of Na-deficient BNT-40BT-4A ceramics. TEM analysis of grains occupied 
with nano domains. (a) <100> zone-axis; (b) <110> zone-axis; (c) <111> zone-axis; and (d) <112> 
zone-axis. The insets show the electron diffraction patterns where neither superlattice 
diffraction spots nor splitting in spots are observed. 
Of those grains with lamellar domains, some portion within the grain also contains nano domains, as 
shown in Fig. 58 (a). The portion of lamellar domains still shows splitting of diffraction spots, but at a 
much weaker extent, indicating a smaller tetragonal distortion than the stoichiometric ceramic. A small 
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number of grains are full of lamellar domains, as shown in Fig. 58 (b). Again, the electron diffraction 
reveals a weaker tetragonal distortion.    
The grains, which are full of nano domains, are examined carefully along many zone-axes, with 
representative ones shown in Fig. 59. Neither superlattice diffraction spots nor splitting in spots are 
detected in all diffraction patterns. This suggests that these nano domains are of pseudo-cubic 
symmetry34). The sprout-shaped strain loops are not from the suspected P4mm to P4bm phase transition. 
It is highly likely due to a ferroelectric to relaxor transition, or a P4mm micro domain to P4mm nano 
domain transition by the forced Na deficiency. This transition is apparently reversible, or the P4mm 
relaxor is an ergodic relaxor at room temperature. The high concentration of isolated and associated 
point defects disrupts the long range polar order and stabilizes the nano domains with random polar 
vectors. The large hysteresis in strain loops can be attributed to those micro domains in the ceramic. 
Their tendency in the remanent strain and polarization are severely suppressed by the surrounding grains 
with nano domains, comparing to an apparent frequency dispersion in the dielectric permittivity of the 
ceramic for y = 0.04 in Fig. 55 (d).  
 
4.3.4 Summary 
It is clearly shown that Na deficiency decreases the transition temperature from a ferroelectric to 
relaxor state (TF-R) with the increase in Na and oxygen vacancies, leading to the birth of ergodicity due 
to a forced phase transition from a non-ergodic to an ergodic relaxor. The origin of this transition was 
shown to be the presence of defect dipoles, randomly oriented to release stress fields induced by the 
intended cation vacancies. It is demonstrated that the presence of oxygen octahedral tilts is not 
prerequisite to the development of relaxor features in BNT-100xBT. The current study implies that a 
careful control over a possible A-site deficiency during processing is a key to properly tailoring relaxor 
properties especially in the BNT-100xBT system, where A-site occupying elements are highly volatile.  
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4.4 in-situ monitoring of a polarization reversal from a ferroelectric-to-
relaxor state 
4.4.1 Introduction 
Relaxor ferroelectrics have been studied extensively not only due to their use in versatile applications 
but also due to intriguing physical phenomena yet to be clarified1). Among such intriguing phenomena 
is the existence of Vogel-Fulcher temperature (TVF), commonly referred to as freezing temperature (Tf), 
below and above which the dynamics of dipoles. In relaxor ferroelectrics, a long-range order 
(ferroelectric domain) can be induced with the application of an external electric field below the 
ferroelectric-to-relaxor transition temperature (TF-R), which is commonly located with an anomaly in 
the dielectric permittivity with increasing temperature2, 3). With the increase in temperature, electric-
field-induced ferroelectric domain texture become randomized at the depolarization temperature Td, 
determined from a peak of thermally-induced-depolarization current (TSDC)4). In canonical relaxors 
such as Pb(Mn1/3Nb2/3)O3 (PMN) 5, 6) and PLZT 7, 8), Td and TF-R have been considered to be the same.   
Recently, in BNT-based relaxors, it was demonstrated that TF-R does not have to be identical with Td4, 9, 
10). It implies that the depolarization and the transition to ergodic relaxor state of electrically-induced 
ferroelectric state are separate processes. which seems that different consecutive domain transitions take 
place at each the Td and TF-R11). It was proposed that this consecutive transition across Td and TF-R be a 
detexturization of macroscopic poled state and a miniaturization of ferroelectric domains with a long-
range order, respectively10). This proposed multi-step processes has been shown during the transition 
from an electrically-induced ferroelectric to an ergodic relaxor state using calorimetry, neutron 
diffraction and transmission electron microscopy with external electric field cycle. 
 
Fig. 60 Concept of polarization swtiching of ferroelectrics and relaxors 
4.4.2 Experimental procedure 
Electrocaloric effects 
Electrocaloric effects were measured a homemade in-situ calorimeter which consists of a vacuum 
- 83 - 
 
bottle, silicon oil, a temperature sensor (Pt 100, Heraeus, Hanau, Germany). The Pt 100 sensor was 
directly attached to the sample surface, then the triangular bi-polar electric field was applied at 0.1Hz 
by AC power supplier TREK model 20/20C (TREK INC. New York, USA). Polarization hysteresis loop 
and switching current were measured with a piezoelectric evaluation system (aixPES, AixACCT, 
Aachen, Germany) 
 
In-situ neutron diffraction 
 
Fig. 61 Schematics draw of in-situ nuetron diffraction. 
As there may be some time-dependence to the switching behaviour observed in PLZT, it was 
performed time-resolved measurements using a stroboscopic technique. a triangular waveform at 0.1Hz 
was performed, where the detected neutrons are histogram into time bins associated with the field at an 
instantaneous point in time. The data collection is the sum of many cycles of the waveform. The 
maximum applied field was 700 V/mm for the sample at 23 oC and 500 V/mm for the sample at 40 oC. 
 
In-situ transmission electron microscopy 
 
Fig. 62 Schematic draw of in-situ TEM sample praperation12). 
 Disk specimens were prepared through standard procedures including grinding, cutting, dimpling, 
and ion milling. The dimpled disks were annealed at 200 °C for 2 h to minimize the stress-induced 
effects prior to Ar-ion milling to electron transparency. In-situ TEM experiments were carried out on a 
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specimen that was crack free at the edge of the central perforation on a Phillips CM30 microscope 
operated at 200 kV. Experimental details can be found in Refs12-14). 
 




Fig. 63. Polarization hysteresis and switching current compared with electrocaloric effect of (a) 
PIC151 and (b) PLZT in an initial unpoled state. Inserted figures show 2nd cycle. 
Electric-field-induced properties of polarization hysteresis, switching current and electrocaloric effect 
of PIC 151 and PLZT ceramics at room temperature are compared in Fig 1. For both PIC 151 and PLZT, 
the initial increase of polarization indicates a formation of long-range order induced by the application 
of external electric field accompanied by electrocaloric heating. During a reverse cycle, PIC 151 shows 
typical ferroelectric polarization switching with a single current switching peak; otherwise, for PLZT, 
the polarization curves are pinched, and the switching current peak is split near the coercive field Ec, 
which is caused by the electric-field-induced phase transition from a ferroelectric to a relaxor state10, 15). 
For PIC 151, only two heating processes appeared with no negative temperature change from the initial 
temperature during a cycle; otherwise, in the case of PLZT, a negative temperature changes appears 
when the electric field approaches to the Ec. The adiabatic heating and cooling indicate 
electromechanical work, related to the creation of ferroelectric domain and depolarization, with an 
application and removal of external electric field16, 17). In polarization reversal, the polar domains 
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depolarization in ferroelectric materials keep the long-range order when passing the Ec. In contrast, the 
two-step phase transition concept is described as a consequent step of the polar domain depolarization 
and splitting long-range order into nano-domains. 
For PIC151, the depolarization, fulfilled by the polar domain reorientation, is only enough 
electromechanical cooling to return the generated heat to its initial temperature; otherwise, the negative 
temperature change in PLZT implies that an additional step exists besides the polar domain reorientation 
during the polarization reversal, which can support the two-step phase transition from a ferroelectric to 
relaxor state. 
 
In-situ neutron scattering 
 
Fig. 64. Change in structure with poling from unpoled state at 23 oC and maximum field of 
2kV/mm. 
The initial structure is seen to be pseudo-cubic with no resolvable peak splitting or superlattice 
reflections. Application of the electric field at room temperature induces a significant lattice strain and 
a clear development of ½(311) superlattice reflections associated with the out of phase a-a-a- octahedral 
tilt system. The superlattice reflections parallel to the field seem to remain after removal of the electric 
field which seems an irreversible phase transition occurs with application of electric field; otherwise, 
the reflections perpendicular to the field return to the initial state after removal of the electric field. 
The (111) lattice strain a function of applied electric field measured at 23 oC shows the typical 
ferroelectric strain curve. At 40 oC, the sample shows relaxor like a sprout-shaped strain curve with little 
remnant strain in the lattice. There is the reduction and subsequent return of the ½(311) superlattice 
intensity perpendicular to the field vector with polarization reversal showing in Fig. 65. This reduction 
seems to also be correlated with the (210) peak intensity which follows closely. The (210) is close to 
extinct when the tilting is in a lower intensity but are quite strong when the tilting is present or more 
prominent. When the rhombohedral R3m becomes the R3c, the intensity of (210) increases and the 
1/2(ooo) intensities arise, based on the neutron pattern simulation using the Fullprof program (Fig. 66).  
 




Fig. 65 (111) lattice strain, ½(311) and (210) peak intensity, and polarization hysteresis of PLZT 
at (a) 23 °C and (b) 40 °C as a function of applied electric field. 
Comparing the polarization hysteresis with ½(311) and (210) intensity, the external field seems to 
induce the structural transition R3m to R3c related to the oxygen octahedral tilting distortion. In the 
case of ½(311) superlattice reflection, the peak intensity of both 23 oC and 40 oC returns to the minimum 
value similar to the initial value at Ec, which means that an electric-field induced state disappears at the 
Ec. However, designating an initial state as R3m can be controversial, since, the SAED analysis shows 
that weak oxygen octahedral titling exists in an initial unpoled state. 
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Fig. 66 Comparison of the neutron diffraction pattern simulation between R3m and R3c. 
Table 3 Fullprof simulation parameter for R3m and R3c 
  x y z Occ. 
R3m 
Pb 0 0 0 0.5 
La 0 0 0 0.5 
Zr 0 0 0.5 0.5 
Ti 0 0 0.5 0.5 
O 0.16667 0.33333 0.33333 2.4 
R3c 
Pb 0 0 0.25 0.5 
La 0 0 0.25 0.5 
Zr 0 0 0 0.5 
Ti 0 0 0 0.5 
O 0.12 0.78667 0.08333 2.4 
 λ (Å) a (Å) b (Å) c (Å) α (Ө) β (Ө) γ (Ө) 
R3m 2.4 5.77473 5.77473 7.08165 90 90 120 
R3c 2.4 5.77473 5.77473 14.15724 90 90 120 
 
 
In-situ transmission electron microscopy 
Using the in-situ TEM technique, the electric field-induced phase transitions are directly imaged and 
displayed in Fig. 67 on a representative grain along its <112>-zone axis. As explained previously, the 
central perforation in the TEM specimen distorts the electric field12, 14). This grain was found at a 
location with the actual field lower than the nominal field. For the sake of simplicity, only the nominal 
field (the applied voltage normalized with the electrode spacing, 120 mm) is noted here. 
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Fig. 67 In-situ TEM direct observation on the electric field-induced relaxor-to-ferroelectric and 
the ferroelectric-to-relaxor phase transitions from a grain along the <112>-zone axis in 
PLZT8/65/35. (a) The polar nanodomains at virgin state, (b) the SAED pattern at virgin state, 
(c) the magnified view of the ( 222 ) fundamental spot and the 1/2(333 ) superlattice spot at 
virgin state. (d) +1.8 kV/mm; (e), (f), and (g) +3.3 kV/mm; (h) return to 0 kV/mm; (i) -1.0 
kV/mm; (j), (k), and (l) -2.3 kV/mm. The SAED in (f) and (k) are the same portion of the 
diffraction pattern shown in (b), while (g) and (l) show the same spots as in (c). 
 As shown in Fig. 67 a), at virgin state, it consists of typical polar nanodomains. The corresponding 
selected area electron diffraction (SAED) pattern (Fig. 67b) reveals the presence of very weak 1/2{ooo} 
superlattice diffractions spots (o stands for odd Miler indices). Close up examination of the portion of 
the SAED pattern for the fundamental diffraction ( 222 ) and the superlattice diffraction spot 1/2(333 ) 
is displayed in Fig. 67 c). As can be seen, ( 222 ) spot shows a circular shape, while the 1/2(333 ) 
superlattice spot is weak and diffuse. Then electric fields with increasing magnitude were applied along 
the direction indicated by the bright arrow in Fig. 67 d). At 1.8 kV/mm, the nanodomains begin to 
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coalesce and cluster in the upper right region of the grain and transform into long and thin domains in 
the left as well as lower part of the grain (Fig. 67 d)). Compared with the crystallographic orientations 
revealed in SAED in Fig. 67b, these domains are likely to have their walls on the (110 ) plane. With 
further increased electric field to 3.3 kV/mm (Fig. 67 e)), the long and thin domains become broader 
and wedge-shaped, occupying most part of the grain. The domain walls remain roughly along the same 
(110  ) plane. Fig. 67 a), 1d, and 1e reveal the electric field-induced relaxor-to-ferroelectric phase 
transition process in PLZT8/65/35 at room temperature. The coalescence of nanodomains and the 
formation of (110 ) wedge-shaped ferroelectric domains during the phase transition is consistent with 
our previous study on a Pb(Mg1/3Nb2/3)O3-based relaxor composition18, 19). Accompany with to the 
formation of large wedge-shaped ferroelectric domains is the significant intensification of the 1/2{ooo} 
superlattice diffractions spots (Fig. 67 f)), this is better seen in Fig. 67g where the same ( 222 ) and 1/2
333 ) spots are shown again. It is also interesting to notice that the ( 222 ) fundamental diffraction spot 
is evidently distorted along the direction that is normal to the (110 )domain walls, appearing as two 
split spots. Fig. 67h shows the bright field image of the grain after the applied field was removed for 1 
hour. The preservation of the large ferroelectric domains confirms that the induced ferroelectric phase 
sustains without applied electric field and the relaxor-to-ferroelectric phase transition in PLZT8/65/35 
is irreversible at room temperature.  
The in-situ TEM experiment directly reveals that a ferroelectric-to-relaxor phase transition can also 
be triggered by electric field. As shown in Fig. 67 i), when the field in the reverse polarity is applied, 
the large ferroelectric domains are disrupted into thin and short domains clustered in the same direction. 
In addition, nanodomains clustered along a diffraction direction are also formed. At a field in the reverse 
direction with a nominal strength of 2.3 kV/mm, almost the entire grain is occupied with the relaxor 
nanodomains (Fig. 67 j)). At the same time, the SAED pattern similar to that formed at virgin state is 
seen with circularly shaped fundamental spots and extremely weak superlattice spots (Fig. 67 k) and l)). 
Further increase in the field magnitude in the reverse direction was observed to transform these 
nanodomains into large ferroelectric domains again.  
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Correlation between temperature and electric-field dependence 
 
Fig. 68 Determination of Ed, ER-F, and EZP. 
To find out the correlation between the temperature-dependent phase transition and electric-field-
induced phase transition, the onset point of the reverse polarization cycle is designated as the 
depolarization field Ed, the offset point as the transition electric-field from a ferroelectric-to-relaxor 
state EF-R. Both Ed and EF-R are determined by linear fitting as shown in Fig. 68. In addition, the point 
where the polarization becomes zero is designated as the zero-polarization field instead of the coercive 
field since system already returned to its initial short-range order after the transition from a ferroelectric-
to relaxor state; therefore, the word coercive is not proper meaning for relaxors. 
Table 4 The Ed and EF-R of PLZT and BNT-6BT 
PLZT BNT-6BT 
T (oC) Ed EF-R T (oC) Ed EF-R 
15 -0.3411 -0.3801 50 -0.9397 -1.9972 
30 -0.0712 -0.1238 60 -0.5416 -1.3513 
35 0.0494 0.0001 70 -0.0693 -0.8769 
40 0.1784 0.1103 75 0.1994 -0.5694 
   80 0.9535 0.1266 
   90 1.1335 0.2369 
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Fig. 5. Changes in the remnant polarization and the dielectric permittivity of electric-field-
induced ferroelectric phase in (a) PLZT and (b) 94BNT-6BT with increasing temperature in 
comparison with Td and TF-R extracted from temperature-dependent polarization hysteresis loops 
(bottom). 
 
It is reasonable to assume that Td and TF-R should be defined the point where Ed and EF-R become zero, 
respectively. It is seen that Td is located at the temperature near the onset point of thermally-induced 
depolarization instead of the inflection point, i.e., the peak of TSDC. The dielectric anomaly, which has 




Electrocaloric effect, neutron diffraction and TEM were fulfilled as in-situ monitoring methods to 
verify the hypothesis that there is a two-step phase transition during the ferroelectric-to-relaxor 
transition. The heating and cooling of electrocaloric effect indicate a nucleation and disappearance of 
polar domains. PLZT shows a negative temperature change during a reverse field cycle at the Ec unlike 
PIC 151, which implies there is an additional step in the electric-field-induced phase transition from a 
ferroelectric state to a relaxor state. In neutron diffraction, the reflection of the ½(ooo) octahedral tilting 
arises with application of electric field and the induced octahedral tilting remain after removing the 
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field. During a reverse cycle, the reflection of ½(ooo) octahedral tilting nearly disappears at the Ec, 
which seem to electrically induced oxygen octahedral tilting goes back to its initial non-tilting state at 
the Ec. In TEM, the polar domains exist in nano-sized domains at an initial unpoled state. With 
application of electric field, nanodomains coalesce to wedge shaped ferroelectric domains; in reverse 
field cycle, the ferroelectric domains disrupted into thin and short domains; further application of 
electric field, the grains occupied with the nanodomains similar to an initial state. These in-situ 
monitoring methods directly shows a three-step phase transition during polarization reversal. 
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5. Summary 
The dielectric properties of Pb0.92La0.08(Zr0.65Ti0.35)0.98O3 (PLZT 8/65/35) were investigated at various 
temperatures ranging from 0 to 140 oC, where most unique phenomena characterizing PLZT as a relaxor 
ferroelectric take place. Mixed processes related to the dielectric relaxations are evident in Cole-Cole 
plots depicted from the real (ε′) and imaginary part (ε″) of the dielectric permittivity. It was able to 
deconvolute the plots, revealing three distinct processes, namely, slow, intermediate, and fast relaxtor, 
in terms of their characteristic relaxation time. The fast relaxation process follows the Debye-type 
relaxation behavior and have the lowest relaxation time τ of about 10-9 s. This process seems quite 
independent and contribute a little to the total dielectric relaxation. The intermediate relaxation process 
has the relaxation time τ ranging from 10-8 to 10-6 s, and shows Cole-Davidson-type relaxation behavior. 
An interesting fact is that the Vogel-Fulture temperature (TVF) of the intermediate relaxation process 
coincides with the global TVF of PLZT, which implies that the so-called dipolar glass property of PLZT 
may be the consequence of the intermediate relaxation process. Finally, the slow relaxtor is featured by 
a broad range of relaxation time ranging from 10-5 to 101 s up to 60 oC, above which it vanishes. Hence, 
this process contributes mainly to the dielectric loss. 
B-site cations (Sc3+, Ta5+) in Pb(Sc1/2Ta1/2)O3 (PST) ceramic can be ordered and disordered by different 
thermal treatments after sintering. Thermally treated PST-O shows general ferroelectric features, but 
PST-D does relaxor features. The dielectric relaxations can be evident in Cole-Cole plots depicted from 
the real (ε′) and imaginary part (ε″) of the dielectric permittivity. The dielectric relaxation processes 
change near their dielectric permittivity maxima. Unfortunately, the confirmed mechanism that there 
are three relaxation processes in relaxor from the prior experiment using PLZT is hard to verify 
comparing with both PST-O and PST-D due to overlapping of unseparable processes. 
The effect of A-site deficiencies in (1-x)Bi1/2Na1/2TiO3-xBi1/2K1/2TiO3 (BNT-BT) system was 
investigated to confirm the correlation of between random-field model, chemical heterogeneity and 
oxygen octahedral tilting with an empirical defect experiment. Compositions were selected out based 
on the fact that each composition has oxygen octahedral tilting and non-tilting system ((1-
x)Bi1/2Na1/2TiO3-xBaTiO3 (BNT-BT) system, i.e., (Bi1/2)1-xBax[(Na1/2)1-x]-yTiO3 (x = 0, 6, 9, 13, 40 and 
y = 0, 1, 2, 4 representing the level of deficiency). In pure BNT, with increasing A-site vacancy 
concentration, the polarization hysteresis loop becomes slimmer with a reduced negative strain, 
implying that the free energy minimum tips towards the relaxor state. The effect of vacancies was most 
significant in BNT-6BT, featured by the development of so-called constricted hysteresis and a large 
strain with little negative strain at 4 mol % of A-site vacancy concentration. Interestingly, this effect 
seems effective at BNT-40BT which was expected having no changes with the deficiencies.  
It is clearly shown that Na deficiency decreases the phase transition temperature from a ferroelectric 
to relaxor state (TF-R) with the increase in Na and oxygen vacancies, leading to the birth of ergodicity 
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due to a forced phase transition from a non-ergodic to an ergodic relaxor. The origin of this transition 
was shown to be the presence of defect dipoles, randomly oriented to release stress fields induced by 
the intended cation vacancies. The presence of oxygen octahedral tilts is not prerequisite to the 
development of relaxor features in BNT-xBT. These results imply that a careful control over a possible 
A-site deficiency during processing is a key to properly tailoring relaxor properties especially in the 
BNT-xBT system, where A-site occupying elements are highly volatile.  
To verify the hypothesis that there a multi-step transition during the polarization reversal in relaxors, 
in-situ monitoring methods using an electrocaloric effect, neutron diffraction and TEM were fulfilled. 
The electrocaloric hysteresis of PLZT shows an additional negative temperature peak during a reverse 
field cycle acrossing the Ed unlkie normal ferroelectrics. The additional step implies that there is an 
additional transition step during the phase transition from a ferroelectric state to a relaxor state induced 
by electric-field. In neutron diffraction, the reflection of the ½(ooo) octahedral tilting arises with 
application of electric field and the induced octahedral tilting remain after removing the field. During a 
reverse cycle, the reflection of ½(ooo) octahedral tilting nearly disappears at the Ed, which seem to 
electrically induced oxygen octahedral tilting goes back to its initial non-tilting state at the Ed. In in-site 
TEM, it is observed that the polar domains exist in nano-sized domains at an initial unpoled state. With 
application of electric field, nanodomains coalesce to wedge shaped ferroelectric domains; in reverse 
field cycle, the ferroelectric domains disrupted into thin and short domains; further application of 
electric field, the grains occupied with the nanodomains similar to an initial state.  
Moreover, it is revealed that the generally accepted consensus that the Td and TF-R are identical in lead-
based relaxors is not true. The deviation between Td and TF-R is not only exists in lead-based relaxors, 
but also it occurs in lead-based relaxors. With a comparison of both temperature-dependent and 
electrically-induced phase transitions, the deviation between Td and TF-R is proportional to the gap 
between the depolarization electric field Ed and a phase transition electric field EF-R.    
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3. Excellent Poster Award, Ring-type rotary ultrasonic motor using KNN-based lead-free 
piezoceramics, The fall meeting of the Korean ceramics society. 15 Nov 2014. 
 
4. Conference contributions 
▷ 5 international conferences 
1. C-H Hong, T Granzow, K Wang, W Jo, Origin of the temperature-dependent dielectric 
relaxations in B-site ordered/disordered PST relaxor The International Conference on 
Advanced Electromaterials (ICAE), Jeju, Korea (Nov 2017).  
2. C-H Hong, Y-J Kim, J-H Jo, C.W. Ahn, I-W Kim, W Jo, Influence of A-site deficiencies on 
BNT-BKT system International Symposium on the Applications of Ferroelectrics (ISAF), 
Darmstadt, Germany (Aug 2016). 
3. C-H Hong, J. Zang, H-S Han, CW Ahn, W Jo, Origin of the temperature-dependent 
dielectric relaxations in relaxor PLZT, Electronic Materials and Applications (EMA), 
Olando, USA (Jan 2016). 
4. C-H Hong, C.-W. Ahn, H.-S. Han, B.-Y. Choi, H.-P. Kim, W. Jo, Effects of A-site Vacancies 
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in BNT-BKT Lead-free relaxor ceramics, The International Conference on Advanced 
Electromaterials (ICAE) Jeju, Korea (Nov 2015). 
5. C-H Hong, H-S Han, J-S Lee, K Wang, FZ Yao, J-F Li, N.V. Quyet, J.-H. Gwon, J-K Jung, W 
Jo, Ring-type Rotary Ultrasonic Motor using KNN-based Lead-free Piezoceramics, the 
Asian Meeting on Ferroelectricity and the Asian Meeting on Electroceramics (AMF-AMEC), 
Shanghai, China (Oct 2014).  
 
▷ 12 domestic conferences 
1. C-H Hong, R Faye, E Defay, T Granzow, K Wang, W Jo, Electric-field-induced properties 
and electrocaloric effects of B-site ordered/disordered PST relaxor, The fall meeting of 
Korean ceramics society Seoul, Korea (Sep 2017). 
2. C-H Hong, J-Y choe, CW Ahn, W Jo, Influence of A-site deficiencies on the electrical 
properties of BNT-based lead-free piezoceramics KIEEME Pyeongchang, Korea (Jun 2017). 
3. C-H Hong, T Granzow, K Wang, W Jo, Origin of the temperature-dependent dielectric 
relaxations in B-site ordered/disordered PST relaxor, The spring meeting of Korean 
ceramics society Goonsan, Korea (Apr 2017). 
4. C-H Hong, J Zang, H-S Han, CW Ahn, W Jo, Origin of the temperature-dependent 
dielectric relaxations in relaxor PLZT, The fall meeting of Korean ceramics society Seoul, 
Korea (Nov 2016). 
5. C-H Hong, H-P Kim, B-Y Choi, H-S Han, JS Son, CW Ahn, W Jo, Lead-Free Piezoelectrics 
- Where to Move on?, The Joint Symposium of Ferroelectrics Muju, Korea (Feb 2016). 
6. C-H Hong, J. Zang, H-S Han, CW Ahn, J Rödel, W Jo, Origin of the Temperature-
Dependent Dielectric Relaxations in Relaxor PLZT, The fall meeting of Korean ceramics 
society Incheon, Korea (Oct 2015). 
7. C-H Hong, H-S Han, J-S Lee, W Jo, Properties of 0.98{Bi1/2(Na0.78K0.22)1/2TiO3}-
0.02LaFeO3}-Bi1/2(Na0.82K0.22)1/2TiO3 Lead-Free Piezoceramic Composites KIEEME 
Jeongseon, Korea (Jun 2015). 
8. C-H Hong, H-S Han, J-S Lee, W Jo, Properties of 0.98{Bi1/2(Na0.78K0.22)1/2TiO3}-
0.02LaFeO3}-Bi1/2(Na0.82K0.22)1/2TiO3 Lead-Free Piezoceramic Composites The spring 
meeting of Korean ceramics society Changwon, Korea (April 2015). 
9. C-H Hong, H-S Han, J-S Lee, W Jo, Properties of 0.98{Bi1/2(Na0.78K0.22)1/2TiO3}-
0.02LaFeO3}-Bi1/2(Na0.82K0.22)1/2TiO3 Lead-Free Piezoceramic Composites The 8th Joint 
Symposium of Ferroelectrics Muju, Korea (Feb 2015). 
10. C-H Hong, H-S Han, J-S Lee, K Wang, FZ Yao, J-F Li, NV Quyet, J-H Gwon, J-K Jung, W 
Jo, Ring-type Rotary Ultrasonic Motor using KNN-based Lead-free Piezoceramics, The 
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fall meeting of Korean ceramics society Yeosu, Korea (Oct 2014). 
11. C-H Hong, H-S Han, J-S Lee, K Wang, FZ Yao, J-F Li, NV Quyet, J-H Gwon, J-K Jung, W 
Jo, Ring-type Rotary Ultrasonic Motor using Lead-free Ceramics, KIEEME Sokcho, 
Korea (June 2014). 
12. C-H Hong, H-S Han, J.-S. Lee, W Jo, Properties of BNKTLF-BNKT Lead-Free 
Piezoceramic Composites The spring meeting of Korean ceramics society Kintex, Korea 
(April 2014).
 
  
 
 
 
 
  
 
 
 
